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Translators’ Preface

W'hen Mcmnilcr’s “Handlmcli cler Kautschukwissenschaft” first came to

the attention of the translators, they were immediately impressed by the fact

that no book in luiglish covered the subject of rubber so fully from the scien-

tific point of view. Although good books have been written in English on
plantation practice and on the technology of rubber, no thorough treatise on
tlie entire science of ru1)l)er has been available. The translation of Memmler’s
book was prompted by the belief that American and British rubber scientists

and technologists would welcome a really comprehensive work in English cov-
ering not only latex, crude rubber, the chemistry of rubber, vulcanization, and
the analysis of rubber, but also such diverse fields as microscopy and pigment
dis])ersion, the physics of rubber, and the recently developed, specialized equip-

ment for physical testing.

Although the general arrangement of the translation is similar to that of the

(Icrman edition, certain changes and additions have been made. Occasional
obvious errors have been corrected. A great deal of time has been devoted to

the checking and correction of references. In this connection, the translators

gratefully acknowdedge their indebtedness to Miss Isabelle Welch of the

Chemical Catalog Company, who checked many of the less accessible refer-

ences in the libraries of Washington and New York.
j

An earnest endeavor has also been made to supplement the original workj
with translators’ notes covering the newer developments since the CermaM
text was written, and in a measure bringing the work up to date. Specific*

mention may be made of the translators’ notes on recent developments in syn-

thetic rubber, on the compounding and the direct utilization of latex, on gutta-

percha (which was not discussed in the German version), on recent X-ray
work, on the latest physical testing equipment (with emphasis on that of

American origin), and on the recently developed theories of vulcanization. In

addition the editors feel that the value of the book has been greatly increased

by a comprehensive Ijibliography, in which an attempt has been made to in-

clude references to all important books and pamphlets on rubber. This bibli-

ography was compiled by Miss H. P. Albaugh, Research Librarian of the

bdrestonc Jire and Rubber Company.
The translators selected by the editors were in nearly every case those mem-

bers of the Firestone Research Staff best qualified to translate the sections of

the book apportioned to them.

The editors wish to acknowledge their indebtedness to the Firestone Tire
and Rubber Company for providing library facilities and the necessary typing

service. An expression of appreciation is due Dr. N, A. Shepard, Director of

Research, who not only contributed to the translation but who also gave his

whole-hearted support to the entire project from the monfent of its inception.

The editors are especially indebted to Miss Plilda P. Albaugh, Research
Librarian, who reviewed the entire manuscript' in the role of literary critic.

Ill



IV TRANSLA TORS’ TRETACE

Notable assistance in connection with the translation or the editorial criticism
was also rendered by Mr. E. B. Babcock, Mr. C. R. Park, Dr. N. Johnston
Mr. H. W. Greenup, Dr. O. D. Cole, Dr. C. S. Dewey, Dr. B. J. Humphrey!
Mr. J. E. Whittenberg, and Dr. M. H. Zimmermann. Finally, the translators
wish to thank Messrs. G. S. Haslam and F. A. Steele of the New Jersey Zinc
Company for criticizing the chapter on microscopy. Dr. E. C. Stak'man of the
University of Minnesota, and Dr. Paul Acquarone of the University of Akron
for reviewing parts of the sections on botany and on plant physiology, and
Dr. R. H. Ulrich, of the Firestone Development Department, who willingly

placed at their disposal his thorough knowledge of the German language.

V. N. Morris.
R. 1’. Dunurook.

October, 1934



Preface

In 1910, Prof. Dr. W. Hinrichsen and the writer pnbli.shed the book, “Der

Kaiitschuk und seine Priifung.” At the suggestion of the late (leh.-Rat Prof.

Martens, who at that time was the Director of the Materialpriifungsamt, we

were engaged in developing for the Bureau, chemical and mechanical tests for

soft rubber products. In this undertaking, we were assisted by our collabo-

rators, Kinclscher and Schob. The large amount of fundamental experi-

mental work then performed, especially the mechanical testing, is fully

described in the reports of the Materialprufungsamt for the years from 1909

to 1913 inclusive. “Der Kautschuk und seine Priifung” represented the first

attempt to gather these newly revealed facts into book form. It was well

received both here and abroad, especially because there were so few con-

temporary books on the subject. A second edition would have been issued

had not the Woidd War intervened. This event decided the further fate of

the book, as it demanded the sacrifice of my co-worker, Hinrichsen, who had

been e.specially devoted to his investigations in the chemistry of rubber. He
died a hero’s death on Russian soil. All honor to his memory 1

It was my good fortune to be able to fill an important position in the army

service by assisting in the solution of the problem of the war-time rubber

emergency in Germany. While this was a laborious and responsible activity,

it brought me greatly enriched experience in the field of rubber. Immedi-

ately after the end of the war, the publishers approached me regarding a new
edition of the book. Because of various duties and personal reasons, 1 could

not bring myself to undertake the task at that time. The subject covered by

the book was in such a state of flux that it did not seem to be the proper time

to issue a new edition having the restricted scope of the previous work. The
idea of undertaking a comprehensive review of the entire field of rubber

j

science was gradually evolved. Because of the vigorous research activities 5

along all branches of rubber science in pi-actically all civilized countries, it

seemed wise to delay this project until a more appropriate time. Since the

knowledge in this field had become so extensively developed, it was obvious

that the production of such a work would be practical only if it were the

combined effort of several men. A number of authorities could discuss their

respective^fields so thoroughly that the whole would be a very desirable addi-

tion to the German literature on rubber.

Fortunately, I have had the assistance of such a group of well-known tech-

nical men, and it is a privilege to be able to thank them here for so unselfishly

contributing their rich store of specialized knowledge. I am now able to sub-

mit the completed work to the public not as a second, enlarged edition of the

earlier book, but as the first edition of a new publication.

There are sure to be varying opinions as to whether this is the proper time
for the presentation of such a book. Certainly rubber as a scientific problem
with chemical, physical, and technical aspects, is receiving diligent attention

such as is being accorded few other fields of investigation. This is demon-



strated by tbe fruitful contributions of the young IXuitschen Kautsclmk-
Gesellschaft. Moreover, the many investigators interested in this problem
have so greatly expanded the special literature in the technical journals that

a survey by any one individual becomes increasingly difficult. Therefore, my
collaborators and I have agreed to risk presenting to the ])ublic the result of

six years’ work. We fully realize that the results of subsecpient researches

are certain to supplement or change much that is contained herein. Our
efforts will not have been in vain, however, if this review serves to facilitate

future work.

In regard to the scope of the contents, ] was of the opinion that the tech-

nology of the preparation of rubber goods and factory practice should be

omitted from a book which was devoted for the most part to the more funda-

mentally scientific aspects of rubber. Several new books pertaining to factory

practice had appeared, notably those of Kirchhof and Gottlob, l^'urthermore,

it seemed to me that a pure scientist should not publish his knowledge of the

applied science if it be incomplete or out of date. Only an expert who has

been in constant contact with factory practice possesses a real understanding

of the present processes of manufacturing rubber goods, ddie experience

of such an individual does not usually equip him for participation in a work
of this kind, for with rare exceptions, he is completely familiar with but one

phase of technology. The same situation exists to a large extent in the field

of reclaiming. For this reason, merely the theoretical side of the problem of

reclaiming is presented, with only a brief (lescri])tion of the basic princi])les

of the best-known reclaiming processes.

In the remaining sections of this treatise, the authors have tried, for the

sake of completeness, to offer explanations and critical discussions of ])ertinent

and worthy publications, in addition to the presentation of their own special

researches. Information is thus provided for those with only a general

interest in rubber, as well as for specialists in the fields of botany, planting,

chemistry,- physics, and the testing of materials. We shall be very grateful

for criticisms as to omissions or errors, and shall gladly consider those of merit

for future editions.

In closing, I join with my co-workers in thanking the publisher, S. Hirzel,

who has spared no effort to assist us in this work, and to confer upon the book

a worthy appearance with respect to printing and style.

I must also express my hearty thanks to Prof. Dr. \L Hauser, who kindly

placed at my disposal, for the first part of the book, nine photographs from

his Indian films. Acknowledgment is also gratefully made to Verlag G.

Fischer, Jena, and the Kolonialwirtschaftlichen Komitee of Berlin for the use

of several cuts, as well as to the Continental Caoutchouc- u. Guttapercha-

Compagnie of Hanover, for preparing valuable illustrative material for the

chapter on microscopy.

K. Memmlek.

Berlin-Dahlem,

January, 19v30.
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SCIENCE OF RUBBER

Introduction t*

J lisTORv OF Crude Rubber

The natives of localities where rubber trees grew seem to have been

familiar with rubber long before its existence was first recorded in history.

Excavations conducted by (hum’ in British Honduras have revealed a Mayan
civilization dating back to at leUvSt the eleventh century. These excavations

disclosed the remains of a ball-ground, or court, which had been used by the

Maya Indians in playing their favorite game. The game consisted in hurling,

with the shoulder or hip, a rubber hall about the size of the modern football

through a stone ring fixed vertically to a wall. The diameter of the ring was

only slightly greater than that of the Ixill. Among other discoveries in the

vicinity of the playing-field was a temple dedicated to the rain god, where

sacrificial gifts had been sunk in a sacred well. These offerings were balls

of rubber.

Rubber was first mentioned in the writings of Pietro Martyre d’Anghiera,’^

Salahan,® and Gonzalo Fernandez de Oviedo y Valdez’ wherein it is recorded

that elastic balls were used by the Indians in playing games. Antonio de

Herrera Tordesilla"’ also mentions rubber in his work concerning the wander-

ings and conquests of the Castilians. According to this source, Columbus, on

his second voyage to America (1493-1496) learned of a game played by the

natives of Haiti in which balls of an “elastic tree-resin’’ were used. In 1615,

Juan de Torquemada” described the prejxaration of a substance called “ulei,”

which was obtained by the natives of Mexico from a tree known as the

“UlequahiuT’ or “Ule” (Casfilloa clast ica). The Indians ascribed great beal-

ing properties to this substance, and also employed it to waterproof garments.

The first record of scientific importance was written by Charles Marie de la

Condamine, who, by commission of the Academy of Science of Paris, under-
took a voyage to Ecuador in 1735 with Bougeur and Godin, to survey a

parallel of latitude below the equator. The expedition left La Rochelle May
16, 1735, and arrived in Guayaquil, May 13, 1736. From Guayaquil, the

route led to Quito by difficult overland trails. Here, in the midst of the

double ranges of the Andes, the laborious measurements were taken. Dur-
ing this journey, which lasted more than eight years, many observations re-

garding the natural science of the region were recorded. La Condamine sent

various specimens from Quito to the Academy in Paris, among which were
some pieces of a dark, resinous mass, whose origin he describes as follows d
'There grows in the province of Esmerelda, a tree which the natives call

‘heveb When the bark is cut, a white, milky fluid runs out and gradually

t Translated by J. E. Whittenberg.
* The editor is especially indebted to E. Kind-

scher for the collection of historical and statis-
tical data.

^ See F. C. Jones, India Rubber 66, 219, 328
(1923); F. M. Feldhaus, Gumfni-Ztq., 41, 551
(1926).

^ »

Translator’s Note: See also Rubber Age
London), 4, 391 (1923); S, 501 (1924).

T^De orbo nuovo,” 1521,
“A General History of the Products of New

' Spain,” 1529.

* “Historia general y natural de las Iiidas,”

vol. 5, IT, 165; Seville, 1535; Madrid, 1851.
® “Historia general de los hechos de los Caste-

llanos en las islas y tierra firme del rnar
oceano 1492-1554,” Madrid, 1601-161S; Ant-
werp, 1728.

® "De la monarqtiia Indiana,” Vol. IT, Chapt. 43,

p. 663, Madrid, 1615.
^ Histoire de Tacad^mie royale des sciences,

1751, page 17; Memoires de I’academie royale

des sciences, 1751, page 314.

1
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solidifies and darkens in .the air. The people make torches of this resin. In

the province of Quito, cloth is coated with it and is thus made waterproof.

The same tree grows on the banks of the Amazon River, where the substance

obtained from it is called Tahutchuk®
“The natives prepare water-tight shoes of one piece from this material.

They also spread it over an earthen, flask-like form, and when the fluid has

solidified, they break up the earthen form, remove the fragments through the

neck of the bottle, and thus obtain a light, unbreakable vessel suitable for

holding liquids.”

In the later writings of I-a Condamine are found the reports of the French
investigator, Francois Fresneau, who at that time was living in Guiana, and
whom La Condamine met in 1743. Although La Condamine was the first to

send news of rubber to Europe, it seems that FresneaiF was the first to have

seen the rubber tree itself and to have witnessed the method of obtaining

rubber. A complete description of the tree called “seringue” by the Portu-

guese of Para and “heve” by the Maina Indians occurs in his reports con-

cerning the plant life of Guiana. He also reported the location of the trees

and the method of obtaining the rubber. This information was obtained

through his own untiring efforts. Fresneau also offered the first suggestions

for the practical application of this material. He thought that divers’ ap-

parel, hose, and air-tight bags could be made from fabric impregnated with

rubber, and that the bags could be used for preserving food while traveling.

He later proved the feasibility of his ideas by making various articles out of

latex and sending them to the French minister, Maurepas.
It was in 1762 that the French botanist, Jean Baptiste Aublet^^^ gave the

name '‘hevea guyanensis'' to the tree described by Fresneau. His country-

man, M. Coffigny, succeeded in 1765 in obtaining the same “resin” from a

different kind of plant in Madagascar. J. Howison first discovered (1798)
a rubber-yielding vine (Urccola elastica) in Penang, Straits Settlements.

Soon after, \V. Roxburg found other rubber trees (Ficus elastica) in Assam.
In his “Flora indica”” Roxburg writes that the natives of eastern Asia knew
of the uses of rubber, and had used it for a long time to make torches and
to waterproof plaited baskets, jars, etc.

Beoix.mxgs of Tecuxical UsrA

When, through the accounts of travelers, the valuable properties and signifi-

cant possibilities of rubber had become known in Europe, interest centered

upon finding a way to use it commercially. Fresh latex was available to the

natives of the rubber-producing districts, but only solid rubber could then be

obtained in Europe. Therefore, a solvent was sought which wmuld dissolve the

solid rubber and which upon evaporation would yield a rubber of unchanged
properties. Such a solvent would render the material capable of being worked
into any desired form. The French chemi.sts, Herissaiit and Macquer, pro-

posed the use of oil of turpentine or ether, especially the latter, as a method

* See J. Ch. Bongrand, Rev. gen. caoutchouc, I,

3, 43, 442; 5, 34; 6, 48; 7, 43 (1924). Tran.s-

lator’s note: Cf. also India Rubber J., 82, 857
(1931).

‘‘Histoire des planles de la Guiane frangaise,”
p. 174 Paris, 1775.

’’ Volume 3, page 472.

* Translator’s Note. For additional information
concerning the early technical history of rub-

her, see India Rubber J., 82, 857 (1931).

® From this name, which, according to W. H.
Johnson, comes from “caa” (tree) and “o-chu”
fto weep) originated the name “caoutchouc.”
Hence the German “Kautschuk,” the French
“caoutchouc,” the Italian “cauccio,” and the
Spanish “caucho” or “cauchuc.” The English
equivalent, “India rubber” and the Portuguese
“lK)rracha” (tube) are exceptions. The Ger-
man word “Gummi” arose from the erroneous
conception of ru^)l^er as a vegetable gum
{''gummi ctasticum” corresponding to ^'gntnmi
arabicunC').
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for solving this problem (1761). Macquer employed ether in the production

of elastic tubes (1768) by the following method:

A wax cylinder was coated with an ether solution of rubber. After evapo-

ration of the solvent, the rubber remained upon the surface of the cylinder as

a thin, continuous him. By frequent repetition of this process, a layer of any

desired thickness could be obtained. The wax was then melted by placing the

cylinder in hot water. Thus were ])repared rubber tubes which were the

forerunners of modern rubber tubing.

In 1770, the famous English chemist, Priestley, reported that rubber was

especially suitable for the cleaning of soiled paper.'’" He pointed out particu-

larly its remarkable property of removing lead pencil marks from paper with-

out noticeably harming the surface. Magellan (1772) brought small cubes of

rubber into the French market for this purpose, and soon the rubber eraser

became generally known. To this method of use, rubber owes its English

name, ‘‘India rubber” (“India” from “West Indies”).

Although Herissant and Macquer had developed practical methods of

manufacture, no commercial application of these methods had been made up

to the year 1791. In this year, Samuel Peal' - patented a process involving the

Lise of rubber in turpentine solution, or in the form of latex, for the prepara-

tion of waterproof gummed fabric. His patent also covered the impregna-

tion of leather, yarn, woolen goods, silk, paper, wood, etc., as well as the

preparation of flasks, shoes, and other articles from rubber. The state of

knowledge at that time concerning rubber is revealed by a very interesting

article written by the English physician. J. Anderson, which a])peared in the

“Bee or Literary Weekly Intelligencer” under the title “On the Uses that

may be made of Caoutchouc, Elastic Gum, or Indian Rubber in Arts and
Manufacture, with an Account of the Manner of Obtaining and ATanufactur-

ing It.”

Charles Macintosh estal)lished in Glasgow in 1823 the first factory for the

manufacture of rubber goods. Waterproof fabrics were made there by a

patented process, using a benzene solution of rubber. The rubber coating ob-

tained was covered with a second layer of fabric. This product soon became
generally known by the name, “macintosh,” a familiar name even today.
Later, this first industrial establishment was transferred to a location near
Manchester, where it is now an important producer of rubber goods.
A distinct advance in the industry was accomplished througdi the work of

Thomas Hancock.'' He was first interested (1824) in the coating of fabric

by the use of solutions of rubber and in the use of latex, small quantities of
which had arrived in Europe in good condition. In 1830, he bought latex
through an agent in Tampico, and had it shipped in air-tight, sealed con-
tainers. In most cases, however, these shipments arrived in Europe in a
coagulated condition. Therefore, the idea of the direct use of latex was
abandoned. Although these early experiments were very interesting in them-
selves, Hancock's later work proved to be much more important in the further
development of the utilization of rubber.

In 1826, he noticed that freshly cut pieces of rubber would stick together

* Translator’s Note. The idea of using rubber Edinburgh, March 23, 1791; India Rubber J.,
as an eraser appears to have originated with 68, 265 (1924).
Nairne, a maker of mathematical instruments

lA" Cf. 43, 2270 (1929). Thomas Hancock, “Personal Narrative of the
* Brit. Pat. 1801 (1791). Translator’s Note. A Origin and Progress of the Caoutchouc or In-
description oi early patents in the rubber in- dia Rubber Manufacture in England.” Lon-
dustry is given by H. K. Turner, India Rub- don, 1857; new edition, 1920. Brit. Pat,
her J., 82, 827 (1931). 5024 (1824); 5122 (1825); 5970 (1830).
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if pressed. By pressing together hits of rubber, and by cutting sections from
the resulting slabs, he hoped to prepare blocks of any desired size and form,

and thus to become independent of the dimensions of the imported bales in

the manufacture of the desired rubber articles. With this aim in view, he

constructed a “tearing machine'’ or “pickle," having a roll supplied with

prongs and rotating in a jacket fitted likewise. However, rubber was not

comminuted as expected in this machine. Instead, under the influence of the

heat generated, it came out in the form of a plastic, coherent, and homogene-
ous mass. The same result was obtained when the rubber was introduced in

the form of little pieces. Hancock later improved this device by inner heating,

and called it a “masticator." From the plastic raw rubber, he was able to form
blocks of any desired size by the use of pressure. By means of another ma-
chine, he could then cut slabs of various thicknesses from these blocks. Al-

though the form and dimensions of the “masticator" have been changed in

the past century, the construction of the modern devices which form the

foundation for practically all rubber processing is based upon the principles

used by Hancock.
In 1828, Johann Nepomuk Reithofer took out a patent in Vienna covering

a process whereby rubber threads, cut from Para rubber, were woven with

linen, silk, or woolen threads. A similar process led in 1829 to the founding

of the first German factory for the production of elastic fabric—the establish-

ment of Frangois Fonrobert in Finsterwalde near Berlin.

The rubber articles produced by the processes just described were all char-

acterized by a disagreeable odor, as well as by a marked sensitivity to heat

and cold. \\Ten cold, they were stiff, and when warm, they were sticky. In

1832, the German chemist, F. Liidersdorff^^ found that rubber which had
been dissolved in turpentine and then heated with sulfur, lost its stickiness

after evaporation, and exhibited greater stability. Similar observations were
made soon after by van Guens in Holland and by Nathaniel Hayward in

America. Although these workers did not seem to realize the significance of

their discoveries, and did not attach any practical value to them, they were
the first to employ sulfur in the working of rubber.

In America, the technician Charles Goodyear had, since 1831, been busily

occupied with experiments directed toward the improvement of the proper-

ties of rubber. In particular, he hoped, by mixing powdered substances with

rubber, to eliminate the undesirable stickiness of the surface. Flis early ex-

periments resulted in repeated failures. Finally he became acquainted with

Nathaniel Hayward, who, as was mentioned above, had already used sulfur

in experiments with rubber. Goodyear and Hayward^ ^ took out a patent on a

mixture of rubber and sulfur. Articles formed from such a mixture were
exposed to sunlight for some time, whereby they lost their tackiness. In 1839,

Goodyear observed that rubber, reacting with sulfur at higher temperatures
(i. e,, above the melting point of sulfur)

, ,and especially in the presence of

lead compounds, gave a product distinctly superior to the raw material both

in mechanical properties and in resistance to change of temperature.^®

Goodyear did not patent his discovery at first. In 1842, a vulcanizate of

this kind came into the hands of Thomas Hancock, and in the following year,

tech, okonom. Chem., 15 , 353 (1832). According to W. Jorissen, Chem. Weekblad,
Translator’s Note: Cf. also Cummi-Ztg., 46, 11 , 852 (1914); 12, 801 (1915); 16, 527,
967 (1932).

_
1014 (1919), Jan van Guens, an apothecary

Bom D^eniber 29, 1800, in New Haven, living in Harlem, was supposed to have vul-
Conn.; died July 1, 1860, in New York. canized rubber before 1836. For the story
Charles Goodyear, “Gum Elastic/* voL I, of vulcanization, see John Hancock Nunn,
p. 112, New Haven, Conn., 1855 . India Rubber /., 59 , 936 (1920).
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he was able to identify sulfur and rubber as the principal ingredients of the

mixture. He could not, however, find a way to prepare such a vulcanizate.

Numerous experiments having as their object the transformation of rubber

into its new '‘modification” reached their climax November 21, 1843, in a

tent issued to Hancock, according to which "vulcanization” was effected

by lengthy immersion of rubber in a bath of molten sulfur, or by heating

nibber or its mixtures-^ with other materials, together with sulfur, in a high-

pressure steam autoclave. The designation of the process as "vulcanization”

originated with Brockedon, who discussed with Hancock the necessity of giv-

ing the new process a trade name. To Hancock we also owe the observation

that if rubber strips remained in the sulfur bath for a longer time than was

required for the formation of soft vulcanized rubber, they became dark and

horny, forming "ebonite” or "hard rubber.”*

When Goodyear found that his secret had been discovered, he had his

process protected in 1844 by patents in America and England.-^ According

to the terms of his patents, mixtures of rubber, sulfur, and white lead were

heated (dry) at atmospheric pressure and suitable teni])eraturcs.
'

In 1845, Keene also succeeded in effecting vulcanization by treating rubber

with sulfur vapor; but neither this process nor the Hancock sulfur-bath

method attained in the future the importance of "hot vulcanization,” i. e., the

heating of rubber-sulfur mixtures at temperatures above the melting point of

sulfur.

Alexander Parkes-- found, in 1846, that the improvements in the quality

of raw rubber were attained not only by heating with sulfur, but also by im-

mersing the formed raw material for a short time at room temperature in a

solution of sulfur monochloride in carbon disulfide ("cold vulcanization”).

However, this process, as well as the one discovered in 1878 by Abbott'-^ for

the vulcanization of formed rubber articles in sulfur monochloridc vapor,

could only be used for the preparation of thin-walled articles, while hot vul-

canization could be applied to the manufacture of articles with walls of any
thickness.

A few yeeirs later, Nelson Goodyear, son of the discoverer of hot vulcani-

zation, is supposed to have made an observation which was also to become of

importance in the art. Hancock had already established the fact that by long
treatment of rubber strips in a sulfur bath, hard rubber was produced. Nelson
Goodyear succeeded, in 1851, in manufacturing the same product by heating
mixtures of rubber with larger amounts of sulfur than were necessary for
the production of elastic "soft rubber.” In the same year, he produced in the
“Crystal Palace” exhibit a room consisting in all its furnishings of ebonite.^^

Improvement of the properties of raw rubber was at last accomplished after
much difficulty

;
but it was found later that the natives of Brazil had long

known of a process similar to vulcanization. Henry C. Pearson-''^ reported in

his book, "The Rubber Country of the Amazon,” that, since early times, the
Indian tribes had stretched fabrics coated with latex upon frames and let them

JJBrit. Pat. 9952 (1843).
The mixtures were prepared in a “masti-
cator.”

* Translator’s Note: The possibility that hard
mbber had been accidentally prepared by
Prof. Petter Jonas Bergius in Stockholm some
grae prior to 1791 is suggested by B. D.
Porritt and H. Rogers, India Rubber J., 68,
274 (1924).

=^Brit Pat. 10027 (1844), granted to W. E.
Newton. Translator’s Note. The specifica-
tion of Goodyear’s U. S. Pat. 3,633 of June

IS, 1844, is reproduced in an article by J.
Rossman in India Rtibbcr World, 86, No. 1,

48 (1932).
22 Brit. Pat. 11146 (1846).
22 Brit. Pat. 166 (1878).

India Rubber World, 47 , 20 (1912).
2® New York, 1911 ; see also E. A. Hauser,

“Latex,” p. 6, Verlag von Theodor Steinkopff,
Dresden and Leipzig, 1927 ; English trans-
lation by W. J. Kelly, p. 11, Chemical Cata-
log Co., New York, 1930.
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dry in the sun. The latex used was mixed with sulfur or gunpowder. In one
of these fabrics originating in South America, H. P. Stevens was able to

determine the presence of 1.57 per cent sulfur, of which 0.9 per cent was
combined with the rubber.

Developmext of Rubber Goods Manufacture in Germany

The discovery of the various vulcanization processes greatly increased the

possil)Ie uses of rubber, and soon resulted in the erection of factories for the

production of rubber goods in practically all civilized countries. A factory

for the manufacture of elastic fabric was built in 1829 in Finsterwalde

near Berlin, and in 1849, the “Vereinigte Berlin-Frankfurter Gunimiwaren-
fabriken” was established in Gross-Lichterfelde near Berlin by Elliot, an

Englishman. The following year saw the beginning of the ‘'Etablissement

Hutchinson,” which was engaged in the manufacture of footwear. The first

large hard rubber works was founded in 1856 as the “Harburger Guniini-

kamm-Compagnie” (later known as ‘"Dr. Heinr. Traun und Sohne”). In the

same year, the “Harburger Gummiwerke Louis und Albert Cohen” was es-

tablished. This company, which was known later as the “Vereinigte Gumini-
warenfabriken Harburg-Wden,” was making 10,000 pairs of rubber shoes

daily in 1860, ])esides producing other soft rub])er goods. Among other con-

cerns founded at that time may be mentioned “Fonrobert und Bruckner” and
“Voigt und Winde” in Berlin and “Ferd. Kohlstadt” in Cologne. The indus-

try was started at Hanover wdth the establishment of the “Hannoversche
Gummikamm-Compagnie” (later “Gummiw'erke Excelsior”) in 1862.

The rapid growth of the industry is shown by the fact that in 1868 there

were thirty-six factories in the district of the North German Tariff Union
producing articles from rubber and gutta-percha. These concerns were em-
ploying 1,788 workers at that time. The importance of this new industry was
noted by G. v. Viebahn,-’ who wrote as follows

:

“The imports coming through the tariff union in 1866 amounted to 29 tons

of lacquered ru]}ber goods, 18 tons of rubber-coated fabric, and 16 tons of

rubber sheeting, as contrasted to exports of 311, 17, and 8 tons, respectively.

I This industry, in spite of its youth, has already acquired a considerable for-

eign market.”

After the founding of the empire, German industry in general experienced

a great development, which was aided by the favorable outcome of the war
of 1870-71. The rubber goods industry expanded rapidly^ under these condi-

tions, and in the ensuing years, many firms were founded. Among the first

of these wjsre the “Continental, Caoutchouc u. Gutta-Percha Co.” in Han-
over ( 1871) . the “Mitteldeutsche Gummiwarenfabrik Louis Peter” in Frank-
furt a.M. (1872), “Metzeler & Co.” in Munich (1873), and the “Rhein.

Guniiiii- und Celluloidfabrik” in Mannheim (1873).
A comprehensive perspective of conditions in the rubber industry in 1873

is given by the official catalog of the Vienna World’s Fair, in which it is re-

ported that the total production of rubber goods in Germany amounted to

over 2,750 tons, of which 50 to 60 per cent was consumed at home. The
consumption of the remainder, in the form of exports, was divided about

.

equally between other European countries and foreign countries outside the

continent. In 1875 there were in Germany 111 rubber factories, which em-

Concerning the national and world-wide eco- Industrie Deutschlands,’* Berlin, 1921 .

nomic importance of the Oerman rubber goods ^ “Statistik des zollvereinten und nordlichen
industry, see W. Vaas, “Die Kautschukwaren- Deutsclilands,” 3, 1Q22 (1868). Berlin.
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nloyecl 5,495 persons. In later years, the discovery of the pneumatic tire

tl890) and the increased development of power vehicles (about 1895) and

aircraft (about 1909), brought about in turn the manufacture of rubber

goods on a still larger scale. The industrial census of the year 1895 listed 339

rubber factories steadily employing 12,514 persons, of whom 10,704 were em-

ployed in the 45 principal plants. In 1907, there were 539 plants giving em-

ployment to 31,909 workers. These figures steadily increased until in 1914

the number of factories exceeded 600, with about 45,000 workers.

The principal centers of the German rubber goods industry are : Berlin

;

Hanover; Hamburg-Harburg ;
the Rhine district with Cologne, IHberfeld,

and Barmen ;
the middle and upper Rhine district with Frankfurt a.M., Olfen-

bach, and Mannheim; Saxony, with Leipzig and Dresden
; and Thuringia with

Gotha, Waltershausen, and Erfurt.

The importance which the German rubber manufacturing industry had at-

tained before the World War may best be judged by the fact that of the

108,440 tons of raw ru])ber which appeared on the world market in 1913, the

following quantities were consumed in the respective countries S®

United States

Great Britain .

Germany
Russia
France

.48,000 tons

.1 8,040 tons

.1 5,500 tons

. 9,000 tons

. 0,500 tons

The remainder was divided among Belgium, Austria-1 lungary, Italy, Scan-

dinavia, Japan, and Australia. Although Germany stood in third place as a

consumer of rubber, the supply of rubber goods for the world trade was, be-

fore 1914, dependent upon Germany. This was true in spite of the larger

number of factories and larger production in the United States, because a

large domestic market had to be satisfied in America. Thus the exi)ort of

German rubber goods enjoyed a steady growth, and, as the following table

will show, reached a position of considerable national economic importance.

Year Tons Value*
1890 3,811 $ 6,034,330

1895 4,167 5,460,480
1900 5,583 10,339,440
1905 8,736 14,963,800
1910 10,684 13,614,000
1911 13,019 14,970,000
1913 30,777 • 30,096,900
1913 33,559 33,4 03,360

With these exports valued at over 32 million dollars, Germany in 1913 was
advancing to the first position among industrial countries. The principal

buyers of German rubber goods at this time w^ere England, France, Austria-
Hungary, Italy, and Switzerland. The German rubber goods industry was in

the lead not only with tires of all kinds, but also with electrical supplies, tech-
nical and surgical articles, sports goods, and hard rubber items. Although the
German industry was in a position to cover fully the requirements of the
home market for these articles, the importation of foreign rubber goods had
increased steadily since 1895. In this field, Great Britain, Russia, the United
States, France, Austria-Hungary, and Italy appeared as competitors of the
German industry, and shipped in tires, technical goods, and reclaimed rubber.

29 , 772 (1914). by converting to dollars the original values
translator’s Note. These values were obtained given in marks (1 mark =5 24 cents).
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The quantity of these imports, however, amounted to only a third or a fourth

of the quantity of rubber goods placed on foreign markets by the German
firms. This was the state of things in 1914, at which time the picture sud-

denly changed.
The World War broke out, and the German rubber industry suffered

severely, not only from the isolation which hampered the progress of the

German people in the following years, but also from the post-war economic
crisis. Foreign branches were lost; in countries which fought against Ger-
many, they were liquidated

;
in other places, they had to be abandoned during'

the depression of values. For almost six years, export was impossi])le, with the

result that Germany's former customers had to turn to other sources of

supply. This opportunity was utilized especially by the United States, whose
industries were able to develop freely during the war. The products of the

American rubber goods industry were introduced into the markets in all parts

of the world, and the United States assumed leadership in this trade. A sur-

vey of import and export statistics for the years 1926 and 1927 will show at a

glance the position of the German rubber goods industry after the war.-®

Germany imported 46,820 tons of crude rubber in 1927. Of this, 3,353

tons were again exported, giving a domestic consumption of crude rubber of

43,467 tons. This quantity is about two and one-half times the consumption
of 1913, and indicates the greatly increased use of rubber goods. Table 1

shows the export of German rubber goods for these years

:

Table 1.—Export Statistics for the Years 1926 and 1927.

1926 1927
Tons Value* Tons Value*

Soft rubber goods 16,924 $21,446,160 17,304 $22,247,760
Hard rubber goods 935 2,294,880 1,070 2,452,320

Total exports 17,859 $23,741,040 18,374 $24,700,080

xA^mong the exports were reclaimed rubber, rubber solutions and unfinished

goods, rubber thread, tubing, tires, driving belts, rubber shoes, sheet and
cord packing, rubberized fabric, hard rubber articles, gaskets, and the like.

As the figures in Table 1 show, the exports of rubber goods in 1927 were only

slightly greater than those in 1926, and were much less in both quantity and
value than in 1913.

Imports of rubber goods during the post-war period were much greater

than in the pre-war period, and increased amazingly in 1926 and 1927. {See
Table 2.)

Table 2.

—

Import Statistics for the Years 1926 and 1927.

1926 1927

Tons Value* Tons Value*
Soft rubber goods 3,719 $4,375,200 6,692 $8,922,240
Hard rubber goods 95 151,440 202 276,960

Total imports 3,814 $4,526,640 6,894 $9,199,200

It may be seen that in these years, the value of imports was doubled
; as to

amounts imported, the comparison is not so striking. The condition of a

steadily increasing tendency toward import with an accompanying stagnation

of export is not very pleasing. In any case, greater effort is needed if the

former position of the German rubber goods industry is to be regained.

^ Gummi-Ztg., 42, 1188 (1928). by converting to dollars tbe original values
* Translator's Note. These values were obtained given in marks (1 mark — 24 cents).



TECHNICAL FIELDS OF APPLICATION

The Variety of Technical Fields of Application and
Industriai. Use of Rubber

Rubber has attained a position of great importance as a material of modern

manufacture because of the diverse uses to which it may he put as a result of

its peculiar physical and chemical properties. Since it is difficult to compile

even an approximately complete list of the uses of rubber, the following

paragraphs will mention only a few examples of the wide variety of mate-

rials manufactured from it.

Only a comparatively small amount of rubber in the unvulcanized state is

applied to practical use. In the last decade, raw rublier has been used chiefly

in the shoe industry for the production of crepe soles. A small amount of

raw rubber is being used in erasers, and it is also the chief ingredient of

watertight rubber plaster for surgical use. The manufacture of chewing

gum represents another use. Raw rubber is employed in the form of adhesive

cements for the greatest variety of uses. Solutions of rubber form an in-

dispensable aid for the repair of inner tubes, and also serve as adhesives in

the shoe industry, the hat-feather industry and in the fabrication of gummed
fabrics (for example, rublier cloaks). Other unvulcanized rubber materials

on the market become vulcanized before use, and may therefore be considered

intermediate products.

The superiority of the vulcanized product has been the factor which has

made rubber especially important in modern manufacture. No other material

has been found which is like rublier in its elasticity and other properties. One
of the principal applications of rubber today is in the manufacture of shock-

and sound-proof articles, such as bumpers, buffers and vehicle tires. Modern
fast automobile traffic would not be conceivable without the elastic tire, while

the bicycle also owes to the tire its popularity as a means of transportation.

All attempts to find a substitute for the tire have been failures. The resistance

of rubber to shock and sound is a property which has also been utilized in

rubber heels, rubber tips on canes and crutches, rubber flooring and, recently,

in various experiments with rubber paving for road surfaces.

The elastic properties of vulcanized rubber jare also exploited in rubber
bands and stoppers, stamps, elastic thread, belts, and fabric. Rubber sponges
and rubber toys are also popular because of these and other properties of

rubber.

The relatively high impermeability of vulcanized rubber to gases and liquids

makes it suitable for many purposes. Vulcanized rubber is used to a large

extent in the fabrication of inner tubes for vehicle tires. Among the many
other applications based upon this property should be mentioned ( 1 ) gas- and
water-tubing; (2) rubber boots; (3) bathing caps; (4) football bladders;
(5) hygienic and medical necessities, such as rubber gloves, syringes, air

cushions, and ice bags; (6) rubberized fabric which is used for hospital
sheeting, for the preparation of rain coats and folding boats, and for airship
construction; (7) nipples; (8) rings for sealing bottles and jars; and (9)
packing materials for machine construction.
The electrical insulating properties of vulcanized rubber are important for

Its application in making cables in which copper wire (especially that of large
current capacity) is coated with a layer of rubber.
The utility of hard rubber depends especially upon the combination of a

horn-like hardness with a certain degree of elasticity. Since hard rubber may
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he easily worked and polished, it is a suitable material for combs, tubing,

and fountain pens. Hard rubber is not only capable of meeting mechanical
requirements, but is also markedly resistant to chemical attack. It is there-

fore useful for the manufacture of durable articles for medicine, electro-

technology, and photography, and for the lining of iron vats, kettles, pipes,

and centrifuges for the chemical industries. It is a necessity for the manu-
facture of dental goods. Its acoustic properties make it useful for the manu-
facture of ear-trumpets and wind-instruments, while its electrical insulating

properties make it an indispensable material for use in electrotechnology.

These examples give only a hint of the numerous uses for soft and hard
rubber ;

and the possibilities are not nearly exhausted. These materials are

employed in the construction of machines and apparatus in so many different

ways that it will be sufficient to mention here their use in driving belts, con-

veyor belts, covers for rolls and shafts, grips (handles), connecting tubes, and
blankets for printing. The development of further possible uses in this field is

unlimited. The control and stabilization of the price of crude rubber would
assist in developing many uses in which the unique properties of the finished

products would be of considerable service.

This abundance of technical uses shows clearly that a very extensive speciali-

zation has taken place in the modern production of rubber goods. There are

few rubber factories in Germany in which all kinds of technical rubber goods
are produced; each establishment has to a certain extent its own specialties.

For example, some of the largest firms are engaged only in hard rubber
manufacture. Others make only hot-vulcanized soft rubber goods, such as

tires, or rubber shoes, or toys. Some factories specialize in cold-vulcanized

articles, such as cut sheets or dipped goods for surgical articles, etc. Each of

these branches of the industry makes use of a manufacturing technicjue, com-
plete to the smallest detail, which is continually being improved technically

as well as economically. In this way, there has gradually been developed a

special technology of rubber goods production, which cannot be mastered by

any one rubber technician, since the most important advances are often not

made public, but are strictly guarded as factory secrets. For this reason, as

mentioned in the preface, the description of these specialized techniques must
be omitted from this book. •

There are, of course, in all factories some well-known fundamental meth-

ods of preparation for crude rubber and other raw materials, wdiich are to

some degree conducted alike in various plants. A common technology of

rubber goods manufacture can therefore be conceived as the foundation of

the special technologies just mentioned. Among such primary processing

methods, the following deserve consideration

:

1. IFashing and drying. The washing of raw rubber in wash-kettles or

on washing mills, and the drying of the washed rubber in ordinary drying-

chambers or in vacuum apparatus.

2. Mastication by mixing-rolls or kneaders. In this process the dry

rubber sheet, fairly tough and having a rough, uneven surface, is con-

verted into a plastic state so that it may be shaped into any form desired. It

also becomes tacky and capable of taking up organic and inorganic pigments,

especially the sulfur so important in subsequent treatment.

3. Sheeting or calendering by 2-, J-, or 4-roll calenders. The mixed, plas-

ticized material is transformed into a smooth sheet of as nearly uniform thick-

ness as possible, in which form it can be processed into a variety of shapes.
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4. The technique of hot vulcaniciation. Comprises heating processes which

utilize all of the many types of heating equipment ( autoclaves, tube-heaters,

platen-presses, etc.), according to the type of process.

5. The operation of luachines and equipment for the preparation of vis-

cous rubber solutions.

6. The operation of the ''spreading-machine^' for the application of rub-

hcr solutions to fabric. The gummed fal)ric is then used in various branches

of manufacture (automobile tires, ru])ber garments, ]>elts, etc.).

In addition to these common technological processes there are many special

manufacturing operations which require unique types of machines and equip-

ment. Finally, technical innovations in processes may become standard prac-

tice, or entirely new types of equipment may be introduced. For these reasons

it is hardly possible in a scientific treatise to give a thorough and up-to-

date description of even the common processes of rul)ljcr goods production.

Just what changes may be brought al)Out in the near future l)y the modern
direct use of latex, cannot he predicted.

Production and Consumption—Plantations

The tremendous increase in the use of rul)])er may best be estimated by
means of statistics of world production and world consumption. These fig-

ures, through 1913, arc given in Table 3.'^^

Year

1890

1895

1900

1905

1906

1907

1908

1909

1910

1911

1912

1913

Tabu-: 3.

—

ITorUi Production and World Consiiniption.

World production World consumption
in tons in tons
28,807 20,975
24,277 3:], 952
53,931 49,181
00,507 05,727
07,918 71,671
08,640 64,528
07,031 67,081
09,372 70,075
70,500 66,000
75,149 73,000
98,929 98,000

108,440 1 10,000

Of course, these are not absolute values, since they are based upon estimates.

The values show that world consumption was only slightly liehind produc-
tion; in some years, fur example 1909, consumption even materially exceeded
production. This relation was influenced by the enormous development of
the automobile industry. These conditions naturally resulted in unusually
large price fluctuations, which were intensified by capitalistic speculation.
Ihus the price of 1 kg. of the best Para rubber was in 1908 about 6.5 M,
and advanced in 1910 to 28 M. only to fall soon thereafter to 12 M. The slow
decline of prices in the ensuing years will be understood from the explanation
which follows.

It is evident that a demand for the opening of new rubber-producing dis-
tricts would arise from an uncertain market condition caused by lack of raw
material. This shortage was relieved to some extent by the long-known proc-

^^Gmnmi-Ztg., 24, 744 (1910); 28, 160 (1913);

29, 722, 1013 (1915). For the year’s since

1913, Table 6 shows that the course of world

consumption kept an almost even pace with
the growth of world production; that is, world
production was artificially adjusted to the
consumption.
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ess of “reclaiming/' in which rubber which had already been made into manu-
factured products and used as such, was transformed by chemical and me-
chanical means into a state in which it was suitable for use, either alone or

mixed with new rubber, in the fabrication of new goods.

Of more importance were the efforts of all countries having colonies to

establish rubber plantations in those of their colonial regions which were
suitable for the purpose.^^^ The Marquis of Salisbury (later Secretary of State

for India) is credited with having been the first to suggest the planting of

rubber in the English colonies. This idea was eagerly accepted by J. Hooker,
Director of the Botanical Gardens at Kew. In 1873, James Collins (later

Government Botanist in Singapore) was sent by the English government on an
investigational tour to the Amazon district, where he was able to collect several

hundred Hevea seeds. About a dozen of these seeds germinated at Kew and

six of the young plants were transplanted in the botanical garden at Calcutta.

These plants did not develop and soon died. Undaunted by this failure,

Hooker in 1876 communicated with H. A. Wickham, a planter then living

in Brazil, and commissioned him to collect a larger quantity of Hevea seeds

and to transport them to England. Wickham carried out the plan without

hesitation, and, with the aid of a number of Tapuyo Indians, he succeeded in

collecting the desired material from the best stands of Para rubber trees on

the plateaus between the Tapajos and Madeira Rivers. Of especial impor-

tance for the transportation of the seeds to England was the fact that at this

very time the first steamer to reach the upper xA.niazon (the S. S. “Amazonas”)
was lying at anchor there, with no return cargo. By this means, the valua1)le

shipment was taken to Europe by the .shortest route and under the most

favora])le conditions. The “x^mazonas” arrived in Liverpool June 14, 1876,

and its cargo was rushed to Kew at once. Only about four per cent of the

70,000 seeds gathered by Wickham could be brought to germination in the

Imtanical gardens. About 2,000 of these seedlings were later sent to Ceylon,

where they were planted principally in the botanical garden of Paradeniya.

From here they were later distributed over the English possessions in eastern

x\sia.

From these trees and their seeds grew the plantation industry of the Middle

East, which today is not confined to the British possessions, 1)ut is also well

developed in the Dutch possessions. The first four tons of plantation rubber

appeared on the world market in 1910. Since that time the cultivation of

Hevea brasiliensis in the Middle East has increased so greatly and such ex-

cellent results have been obtained in regard to the quality of the raw ru])ber

produced, that wild rubber, as a competitor of plantation rubber for the

supply of the world market, has become of almost no importance at all. The
increasing supply of plantation rubber acted as a price-regulator. When the

many new plantings reached a producing age and brought to the market in-

creasing quantities of crude rubber of steadily better quality, the price of

plantation rubber, .which was at first higher than the price of the Para quality,

declined rapidly. This caused a downward movement in the price of wild

rubber. The progress of plantation operation and the destructive competi-

tion thus presented to wild rubber, are shown by Table 4, in which are tabu-

lated separately the amounts of plantation rubber and of wild rubber marketed

in each year since 1910."^

Gummi-2tg.f 38, 989 (1924). E. A. Hauser, Catalog Co., New York, 1930.
“Latex,” p. 13, Verlag von Theodor Stein- ^ Translator’s Note. Table S has been added tt

kopif, Dresden and Leipzig, 1927 ; English show the corresponding statistics for work
translation by W. J. Kelly, p, 11, Chemical imports of crude rubber from 1910 to 1932.
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It seems fitting to discuss briefly here the question as to Avhetlier there was

a demand during the post-war period corresponding to this rapidly mounting

increase in production of raw material. Thh question is answered to some

degree by Table 6.^^

Table 6.—World Production and World Consnnipiion Sijice 1920.

World production World consumption
Year

’
i^'^ tons in tons

1920 - :i70,000 310,000

1921 282,000 2 0 5,00 0

1922 4 00,000 380,000

1923 382,000 434,000

1924 420,000 475,000

1925 500,000 552,000

1926t 014,778=** 533,915**

1927t 005,190* 589,128=***

1928t 649,674=** 667,027=***

1929t : - 863,410* 785,475**

1930t - 821,815* 684,993**
unit 797,441* 00S,f30()**

* Net Exports. ** Estimated.

t Translator’s Note. Figures for 1926-1931 inclusive are added by the translator fmm
India Rubber World, 86, No. 1, 90 (1932), credited to W. H. Rickinson & Son.

The values given for world production vary considerably from those in

Table 4, which are taken from a dififerent source. The discrepancy demon-
strates the well-known fact that all statistics of world production and total

consumption are subject to various errors and thus differ from each other.
These differences may be neglected in Table 6 for the present purpose, since
the amounts here given for production and consumption originate from the
same source.

The Price Trend of the World Rubber Market

As may be seen from the above tables, the plantation industry faced a crisis
in 1920-22. The planters had built up exaggerated hopes which were based
upon the growing needs of a Europe hungry for merchandise and upon the
enormous demand caused by the frenzied development of the aiitomoliile in
the United States. However, because of the widespread industrial crisis of
the post-war years, these expectations were not realized. The price of crude
rubber declined and reached a level that seemed to endanger the profitalfie-
ness of plantation operation. Instead of a decrease in the production of raw
material, over-production occurred, and an increasing amount of storage re-
sulted. Confronted with this situation, the British Colonial Commission at-
tempted to relieve the condition. The Stevenson Restriction Scheme^ of
November 1, 1922 proposed to regulate the export of the English ruliber-
producing districts, to harmonize supply and demand, and to staliilize the
price of rubber upon the basis of 21 pence per pound. According to this
restriction plan, each plantation was allowed to export only a certain percent-
age of Its normal production, under penalty of a great increase in export duty.

IS percentage, the so-called ‘V^^duction quota, was fixed for each quarter
according to the level of the price of ruliber and the extent of world reserves.

41 , 809 ( 1926 ).

Translator’s Note: A more complete account
0 i tne historical background and effects of the

resU'iction scheme is found in J. C, Lawrence’s
World’s Struggle with Rubber,

^205-1931, Harper & Brothers, New York,
1931 «
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The results of this scheme may be seen in Table 7, which shows the price

movement of the ensuing years.^-

Year

Table 7.—Price Movement Since the Restriction,

Approximate price
per kg. raw

rubber in RM
11)20 ; 6.50

Beginning
2921 2.80

Middle
1922 -

Beginning
1923 3.50

Middle
1924 : 1.80

Beginning
1925 3.50

End 1925 10.50
End 1926 3.50

Beginning
1927 ' 3.50

Table 8.*—Average Spot Closing Prices for Ribbed Smoked Sheets
(Nezv York Market) lQlO-1932.

Year
1910

Cents per lb.

206.60
Year
1921

Cents per lb.

10.36

1911 141.30 1922 17.50

1912 121.60 1923 29.45

1913 82.04 1924 26.20
1914 65.33 1925 - 72.46

1915 65.85 1926 : 48.50“

1916 72.50 1927 37.72

1917 72.23 1928 22,48

1918 60.15 1929 20.55

1919 48.70 1930 11.98

1920 36.30 1931 6.17

* This table has been added by
1932

the translator [Rubber Aije (W Y.), 34, 137 (1933)].
3.49

A slight increase in price was the immediate consequence of the restriction.

During 1925 there occurred a sudden, rapidly increasing demand for “rubber

because of the development of the automobile industry. The restriction, now
in force for two years, was also having its effect. The price quickly rose, and

the emergency seemed to have been surmounted. However, this condition

was not maintained, for the price advance brought about a considerable in-

crease in production in all districts not under English control, and particularly

in the Netherlands East Indies. Besides, the restriction plan seemed to have

accomplished its purpose, and the British Colonial Commission, believing that

the Stevenson Scheme could be modified, greatly increased the export quota.

Table 9 shows the distribution of world production over the different colonid

districts in 1922 and 1923.^^

The situation today is distinctly more unfavorable to England, since not

more than 55 to 60 per cent of the total world production is under British

control.
:

The growth of competition from non-British producers in the world
ket was the one factor which led to the failure of the Stevenson Scheme. TtfC

greatly increased production thus brought about was not followed by an|

equally great consumption. Because of the high prices of 1925, the coun-

^ Cummi-Ztg., 38 , 983 (1924). See also Tarfe-ijCiimmi’Ztg,, 42 , 358 ( 1927 ).
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Table —JYcn'Id Production by Colonial Districts.

DistricL

192.2

. Production, tons
212,694:

1923
Production, tuns

175,000
47,(527 35,000

Netherlands East indies
Cbitin

99,85(>

4,101
133,000

5,000

British East Indies 4,854

3,750
\

6,500

British' Borneo, Cpilgo,' and other districts .... 6,634 j

13,500

tries which were the most im])ortant consumers had fallen l)ack upon the

well-known substitutes for rubber. The reclaiming of old rubber flourished

acain, and in the United States the consuni]:)tion o£ reclaimed rubber in-

creased from 73,000 tons in 1924 to 114,000 tons in 1925, and 150,000 tons

Biay not loe too high an estimate for 1926. Some of the plantation companies

profited considerably from the restriction, hut the real objective of the scheme

—price stabilization—was never realized. Even if new expedients had l^een

planned by theJinglish, they could have been only partially successful as long

as the planters in the Dutch Indies remained outside the restriction scheme.

It appearecl doubtful that the price stabilization sought by England could be

Reached under the circumstances, because of the favoral)le position of the

producers in the Dutch Indies.

Therefore, the Stevenson ]:>lan was abandoned by decree of the English

government November 1, 1928. In any case, the greatest benefits of this plan

had not fallen to the British plantation owners, but to those who had not

allied themselves with the restriction—the Dutch planters. The high prices

caused by the restriction had also resulted in the rapid development of the

cultivation of Hevea trees in other countries. Jt became evident that the

Americans were trying to free themselves more and more from British dom-
ination by buying plantations and setting out new plantings on a gigantic

scale. Thus the Goodyear Tire and Rubber Company now has at its disposal

a plantation area of 71,659 acres in Sumatra, while great rubber plantations

have been laid out by Firestone in Liberia and by Ford in Brazil.'^

The PRErAR.'XTioN of Synthetic Rubber and Its Application
IN THE World War

Because of the growing consumption of rubber since 1890, the interest of

science has been drawn to the problem of increasing the amount of this raw
material by its preparation through synthesis.

The hi.^torical development of the synthesis of rubber and the chemistry
of the various kinds of artificial rubber are thoroughly treated on p. 240 of
the s«:tion on ‘'The Chemistry of Rubber.’' It may be mentioned here that
one of these artificial products, called dimethylbutadiene rubber, or “methyl-
rubber” (cf. p. 243) has rendered especially important service to the German
people. .When Germany was cut off from the supply of urgently needed
natural rubber soon after the World War began, the manufacture of the
comparatively expensive artificial product was begun on a factory scale. It

v%used alone or in mixtures with reclaimed rubber to be made into rublier.

* Translator’s .Note. The following plantation Firestone .Plantations Co.—1,002,000 acres in
i areas were enrtrolled American firms at Liberia.

the eid of I'.LF
i

'>! rr Anc (N. Y.), 27^ U. S. Rubber Plantations, Inc.—135,160 acres
O930)]:_ ' in Sumatra and British Malaya.

: Ford [iidcstrial C.). of Brazil—3,700,000 acres Goodyear Rubber Plantations Co.—82,500

A Para, m ,,,, acres in Sumatra and the Philippine Islands.
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goods necessary for military purposes. One of the most interesting practical

applications of these synthetic products was in the manufacture of tires for

automotive vehicles. The accomplishments of German science and rubber

technology, in characteristic cooperation under the inexorable pressure of

military necessity during the last two years of the war, deserve full exposition

in a treatise on the science of rubber. However, lack of space and other rea-

sons have required that it be omitted here. Only a few of the characteristic

phases of this development, which have been mentioned in the preface, and
in which the editor has been especially interested, will be described at this

time.

During the last year of the war, methyl-rubber was manufactured in large

quantities in two modifications : the so-called “H-rubber” and the “\V-rul)l)er”

{see p. 245). These modifications exhibited quite different physical proper-

ties and required different technical manipulation in factory processing. The
vulcanizates from both kinds of artificial rubber were always leather-like in

quality and were less elastic than natural rubber vulcanizates. This lack of

elasticity persisted in spite of all precautions and constituted a great disadvan-

tage of methyl-rubber vulcanizates as compared with natural rubljer vulcani-

zates. The contrast was particularly noticeable in cold weather. The elasticity

(especially of the H-rubber vulcanizates) could be improved to some extent

by the addition of certain organic materials. This knowledge made possible

the first approach to the application of methyl-rubber for the manufacture of

automotive tires. The technical foundation for the use of methyl-rubber on a

laboratory scale was thoroughly developed at the Materialpnifungsamt with

the cooperation of Dr. Gottlob, then a chemist at the Elberfelder Farben-

fabriken. By means of comprehensive technological experiments in many
rubber factories, this knowledge was later put into practice for the manufac-

ture of tires.

No great difficulty was experienced in applying H-rnbber to the manufac-
ture of hard rubber. The vulcanizates could he readily worked and polished,

they were sufficiently strong, and were even superior to the natural rubber

product in their resistance to electrical breakdown. H-rubber became a very

useful substitute for hard rubber during the war, and was used in large quan-

tities for the preparation of storage battery boxes and other articles.

Considerably greater difficulty was experienced in the application of methyl-

rubber to the manufacture of tires and soft rubber goods in general. The
solubility in benzene or gasoline necessary for the fabrication of tires was
possessed only by W-rubber, and even this rubber gave only fairly homogene-
ous, clear solutions. Its cements were also much less tacky and adherent

than those of natural rubber. Dried coats retained their tackiness only a short

time, and the immediate processing of coated fabric was therefore necessary.

Although a host of difficulties was encountered in the attempt to master in

some degree the problem of appl3dng methyl-rubber to the manufacture of

articles necessary for war, this strenuous and laborious cooperation was not

entirely fruitless from the standpoint of science and technology. It is no

longer a secret that shortly^ before the end of the war it was firmly believed

that the emergency of tire requirements for German military vehicles had

been mastered. Further development went forward with less trouble than

was expected. If, at a later date, it had become possible to maintain the

efficiency of the factories and equipment for the manufacture of synthetic

rubber, the demand could have been met for truck and passenger tires which

would have been, under the circumstances, fairly serviceable as “replacement”
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tires. In view of the possible future development of the production and ap~

olication of synthetic rubber, these facts deserve to be permanently recorded

{because they indicate the progress which can be made in the future in the pro-

duction and technical application of synthetic rubber by the unceasing advance

of our chemical science.

After the war, the industrial preparation of synthetic rubber was aban-

doned for the time being. Its manufacture in competition with natural rubber

promised little success because of the manufacturing cost, the severe decline

in price of natural rubber following the vigorous development of plantation

culture, and the serious defects inherent in the artificial product. How-
ever the interest in the synthesis of rul)l)er did not sul)side, and the work is

still advancing in scientific laboratories, as is shown on pages 240 to 269 of

the section on “The Chemistry of Rubber.'’

Progress seems to have been made in this field es])ccially with res])ect to

the production of raw niaterials for the manufacture of the synthetic product.

A. von WeinbergA'^ in an address on the occasion of the fiftieth anniversary

of the Verein zur Wahrung der Intercssen der chemischeii Industrie Deutsch-

lands in November, 1927, made the following statement : “Contact synlliesis

enables us to obtain the starting materials for the synthesis of rulTer and

gutta-percha in more convenient fashion. We can l)egin at once with a

rational production." It is also evident that clear-sighted effort is continuing,

audit is hoped that this difficult problem will also l)e mastered by the large-

scale chemical manufacturing processes already successful in so many fields.

Newer Methods in Vulcanizatjon Technique—Outlook

The difficulty of improving the quality of synthetic rubber was to become
of the greatest importance for the processing of natural rubl)cr. Some of

the rubbers olitained by synthetic methods exhibited one of the undesirable

properties of natural rubber, in that they absorbed oxygen and decomposed
rather quickly in air. It was found in the Imrbenfabriken vorm. Bayer and
Company that this objection could l)e overcome by the addition of small

amounts of organic bases to the artificial products. Ih'iiericline and other com-
pounds were used as protecting bases (“antioxidants"). It was noticed in

these experiments that not only was oxidation inhibited by such su])stauces,

but also that rubber-sulfur mixtures containing piperidine showed, after heat-
ing, a much higher combined sulfur content than was ordinarily to be ex-
pected. Similar experiments with natural rubber led to the same result. Thus
the first organic accelerator was found.* This was followed by the discovery
of many others in later years, but only a comparatively small percentage of
these attained practical utility. It had long been known that certain inorganic
materials such as litharge accelerated the vulcanization process, but the new
organic accelerators proved to be even more effective. When added in the
small amounts of 1 to 2 per cent of the rubber-sulfur mixture, they very
appreciably decreased the time necessary for vulcanization. This result
brought about an important saving of fuel and mold materials and had other
practical advantages. Other compounds were later found which not only
made possible a shorter heat treatment but also a lowering of the temperature

Chem.-Ztg., 51, 894 (1927).
Translator’s Note. Cf. W. C. Geer and C. W.
Bedford, Ind, Eng, Chem., 17, 393 (1925),
who credit the discovery of organic acceler-
ators to George Oenslager in 1906. See also

George Oenslager, Perkin Medal address, Ind.
Eng. Chem., 25, 232 (1933). D. Spence,
/. Sac. Chem. Ind., 36, 118 (1917) and J. Ind.
Eng. Chem., 10, 115^ (1918), claims priority
for the use of piperidine as an accelerator.
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of vulcanization to a point as low as room temperature. Therefore, it sccnicd

that such substances acted not only as vulcanization accelerators, but especially

as agents for improving the quality of the vulcanizate, since through their

use the rubber was subjected to less severe treatment in vulcanization, and
the vulcanizates possessed mechanical properties which had never before been
attained. To the war-time task of improving the properties of synthetic rul)-

ber we owe the discovery which has become of the utmost importance to the

rub])er industry in every respect, and which has directly revolutionized manu-
facturing procedure. As can be seen from the ever-increasing patent litera-

ture on this subject, its development is not at an end, and what the future
will Ijring cannot be foretold.

It is now easily realized that this new knowledge attracted attention in the

widest circles of scientific work to the problem of vulcanization and to the

explanation of many other phenomena which were long known but not well

understood. After the discovery of accelerators, the literature of rubber,

which up to that time was comparatively^ narrow in range, expanded rapidly.

Within the last decade, numerous researches in chemical and physical fields

have been conducted with the o])ject of reaching a better understanding of

the many problems which are scattered over the whole realm of rubber. The
sections to follow clearly show that these investigations have indeed increased

our knowledge essentially, but we still seem far from a solution of the remain-
ing problems. Further serious and laborious scientific effort will be required

before the riddle of rubber will have been solved completely.



Botany, Cultivation, Collection

and Preparation of Rubber

By a. Zimmermann'^

The Rubber-producing Plants; their Distribution

and their Cultivation

Introduction

Natural rubber is ol)tainecl exclusively from the milky juice, or so-called

latex, of plants. The plants which yield latex can be easily recognized since

they exude a turbid juice when wounded. The wolfsmilk (spurge) is an
example-of such a plant. Although the milk-like juice is usually white, it may
be intensely colored. In the case of Chelidonium uiajns, for example, the

latex possesses a golden-yellow color.

Relatively few of the numerous latex-yielding plants are suitable sources

of rubber. In most of them, the rubber hydrocarbon is either missing or else

present in such a small pro]x>rtion that the production of rubber is not feasible.

A. J. Ultee^ has recently proved that substances of the nature of rubber or

gutta-percha may be entirely missing, even in the very turbid latices of many
species, such as Artocarpiis clastica and Broussonctia papyrifcra. All latex-

producing plants of the cold and temperate zones are characterized by their

small rubber content. Even in the tropics and subtropics, only a few of the

numerous plants producing latex contain appreciable cjuantities of rubber, and
among these moreover only a portion are capable of yielding rubber which
will meet the high requirements of a good commercial product. In the cases

of many of these plants, furthermore, the iTtbber hydrocarl)on of the latex is

mixed with so much foreign matter, especially resinous compounds, that the
rubber obtained can only be used commercially for the lower grades of prod-
ucts. Such rubber is used extensively in manufacturing* only when it is sup-
plied at a very low price and when a shortage of first class rubber prevails in

the market.

Up to the end of the Nineteenth Century, the rubber appearing on the
world market oi'iginated almost exclusively from wild stock, which is widely
distributed throughout many tropical regions. In the present century, how-
ever, the plantation-grown rubber trees have played a role of ever-increasing
importance. It was predicted in the early days that over a long period of
time plantation rubber would never be able to compete with wild rubber, since

Translated by V. N. Morris and H. W. Greenup.
^ Bitll. jard, bot. BuiUnzorg, [ 3 ], 6 , 264 ( 1924).

21
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the cost of establishing and maintaining a plantation would have too adverse
an effect on the profits to be derived from the enterprise. As a consequence
of the use of the methods of cultivation and tapping developed in the Middle
East, however, the cost of converting latex into crude rubber is considerably

smaller than is the case with most kinds of wild rubber. With the latter, the

cost of obtaining the rubber is greatly increased by the fact that the rubber

trees are seldom found growing in dense groves and are generally located in

regions so difficultly penetrable that transportation costs are high. The exist-

ing trees have often been tapped by the natives in such an irrational manner
that their capacity for yielding rubljer has been either greatly impaired or

entirely lost. In this connection, an exception must be made in the case of

the large stands of Hevea trees (the most important rubber-yielding plant

of the Amazon region), the yield capacity of which has remained unchanged

for a long time, despite the poor methods of tapping used. Further factors

contributing to the high cost of wild rubber include the difficulty of trans-

portation to the shipping points on the coast, and the unsatisfactory situation

of the trees, which are under water at times and are thus cut off from all

traffic with the outside world. Experience has actually proven that, under

favorable conditions, plantation Hevea rubber can be brought on the market

at much less expense than wild rubber. The difference in price between

the wild and plantation grades of Hevea rubber has been decreased more
and more in recent years.

The enormous expansion in the number of Hevea trees since the begin-

ning of the present century has resulted in the world market being ruled by

this species. In fact, the growth of other kinds of rubber-producing trees

has been repressed. Whether Hevea plantation rubber will be able to main-

tain its dominating position in the future cannot be predicted with certainty,

however. It is conceivable, for instance, that the cost of labor might some
time be increased in certain districts (as a consequence of economic or po-

litical revolution) to such an extent as to influence profits vei'y unfavorably.

Furthermore, there is no assurance that a devastating disease may not some

time attack the Hevea trees (as was the case in Dutch Guiana several years

ago) and thus reduce or eliminate all profits from the operation of the

plantations.

To become familiar with rubber plants other than Hevea would seem to

be a matter of historical interest only, were it not for the fact that in case

of such a rise in the price of rubber as took place in 1925, for instance, wild

rubber, including rubber from other species {Alanihot, for instance) will be

brought regularly into the market. In that which follows, therefore, a re-

view is given of the species producing wdld rubber and also of the species

other than Hevea cultivated on plantations, the discussion being limited to

the most important rubber-bearing plants. Too much space would be re-

quired to cover all the plants from which rubber has been obtained, or in

whose latex rubber has been found. In this connection, the reader is referred

to the compilation in the fourth edition of J. V. Weisner’s “Die Rohstoffe

des Pfianzenreichs,”- in which literature references to 490 different species

are listed.

Wild Rubber

The plants yielding wild rubber are grouped according to their geographical

distribution in the discussion which follows, a beginning being made with

- Vol. 2, p. 1705, W. Engelmann, Leipzig, 1928.
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those of South America, the country which has always produced the greatest

amount of wild rubber for the market.

South America

The largest portion of the South American wild rubber originates in the

districts drained by the Amazon River and its tributaries. The area of the

territory in which rubber trees grow is estimated to be about 2,250,000 scpiare

miles, of which 1,486,900 are in Brazil, 200,000 in Bolivia, 225,000 in Peru,

100,000 in Equador, 150,000 in Colombia and 30,000 in Venezuela. The
quantity of rubber exported from this field reached a maximum of 45,067

tons in 1912. In succeeding years a more or less steady decrease took place,

the tonnage being but 20,159 in 1921.*'*

Not inconsiderable quantities of rubber have also been produced in Brazil

outside the Amazon district, especially when rubber prices were high. This

production amounted to about 400 tons in 1912, but decreased to 257 tons

in 1921.

By far the major portion of the rubber ])roduced in the Amazon territory

is obtained from the different species of Hevea. vSecond in importance among
rubber-producing trees is the CastUloa UleL In the regions outside of the

Amazon territory, the rubber produced is largely from the different species

oiManihot and from the Haiiconiia speciosa. In the year 1901, for instance,

there were exported from the Amazon field 14,659 tons of PTevea and 3,732

tons of Castilloa rubber, l^urther exports from Brazil included 473 tons of

Manihot and 394 tons of Hancornia rubber.

Hevea. The genus Hevea belongs to the family of Euphorbiacac or

wolfsmilk (spurge) plants. This genus embraces numerous species, which
are to be distinguished from the native varieties of wolfsmilk, in that they

form trees of considerable height. In the case of PIcvea brasiliensis, the

most important plant from the standpoint of rubber production, trees 30

meters high and 2.5 meters in circumference are not uncommon. In fact,

individual trees have been known to attain a height of 45 meters and a cir-

cumference of 4.8 meters. 1'he dense foliage of these trees ( l"ig. 1 ) con-

sists of triple long-stemmed leaves, which are discarded once every year,

leaving the trees entirely bare. This so-called “wintering,"’ the occurrence
of which is primarily dependent on the rainfall, generally lasts only a short
time. Simultaneously with the new foliage appear the rather unattractive
flowers, which are united into composite leafless panicles. (Fig. 2.) Male
and female flowers are to be distinguished, both being found on the same
branch. The number of the male flow^ers is always much greater (60 times
on the average) than that of the female flowers. The perianth of the female
is somewhat smaller. In both kinds of flowers the perianth has a more or
less intense yellow color, and a bell shape with five lobes. In the center of
the male flower is to l)e found the androecium, with two whorls of five
sessile anthers each. (Fig. 2, III). The androecium grows with the rudi-
mentary ovary which rises above it. The female flowers stand at the ends
of the axes of the inflorescences. In them is to be found (Fig. 2, IV) at
the lower end of the ovary, a small disc with ten small elevations which are
apparently rudimentary stamens. The triple ovary carries at the top three
stalkless stigmas and contains in every case a seed foundation, from which

Translator’s Note. These exports amounted to

28,768 tons in 1927 and 6,450 tons in 1932,
according to the United States Department of

Commerce. V.N.M.

® See U. S. Dept, of .Commerce, Trade Promo-
tion Series, 23, 1 (1925). This work also
contains considerahle statistical material in
connection with rubber production in the Ama-
zon territory.



Figure 1—Hevea brasiliensis in the experimental gardens at Buitenzorg (Java).

the seeds develop. The walls of the ripe fruit are pulpy on the outside and

hard as stone on the inside. When the fruit dries out a hygroscopic tension

develops in the hard layer of the fruit wall. This eventually leads to a sud-

den dehiscence which results in the seed being thrown out for some distance.

The ripe seeds are surrounded by a leathery spotted shell and contain in

the median plane a large embryo, embedded in an oil-rich nutritive tissue

(perisperm). The quantity of oil in these seeds is great enough to justify

a demand for them as a raw material in the production of oil.

Hevea brasiliensis is to be found especially in the delta of the Amazon
River and in the region of the tributaries emptying into it from the south.

Its occurrence here is not limited to the territories flooded by the rivers

(despite frequent statements to the contrary). In fact, according to H. A.

Wickham/ J. Huber,^ and W. L. Schurz, O. D. Hargis, C. F. Marbut and

C. B. Manifold,® Hevea brasiliensis thrives better in general on the plateaux

which are not exposed to annual flooding. It should be emphasized at this

point that the seeds, which were collected by H. A. Wickham in 1876, and

^ Wickliam, H. A., “On the Plantation, Culti- Miill. Arg.),” p. 10, Institute Lauro Sodr6,
vation and Curing of Para Endian Rubber,” Para, 1907.
London, 1908.

_

^ U. S. Dept. Commerce, Trade Promotion Se-
® Huber, J., “A seringueira (Hevea brasiliensis ries, 23 (1925).
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from which the plantation industry of the Middle East developed, were ol)-

tained on the plateaux situated between the Madeira and Tapajoz Rivers.

To the north of the Amazon River is to be found almost exclusively Hevea
Benthamianci, which likewise yields. a very good rubber. Hevea guyanensis

is distributed throughout the Amazon region, ft yields considerably less

rubber than the two previously mentioned species, how^ever, and the rubber

is less valuable commercially. This applies also to the other species of

Hevea not mentioned here.

None of these species is to be encountered in the Amazon region in dense

groups. They are rather to be found standing alone in forests made up of

many different kinds of trees. More than 8 Ilcvea trees are seldom located

in a hectare of virgin forest.

Figure 2

—

Hevea brasilicnsis.

L Blooming branch.

11.

Panicle (showing flowers).

III. Male flower.

IV. Female flower.

V. Seed.

VI, Cut section of seed.

(According to O. Warburg
and N. L. Swart and A. A,

L. Rutgers.)

The average yield of one tree is about 20 grams per clay and 2 kg. per
tapping season, according to E. Ule.'^ Individual trees are said to give up
to 200 grams in a clay and 12 kg. in a year. The productive life of the tree

is said by Ule to be at least 20 years.

The rubber obtained from the different species of Hevea is generally desig-
nated as Para rubber in the market. This name is derived from the fact
that the city of Para (now called Belem), which is located not far from the
mouth of the Amazon River, forms the commercial center for this type of
rubber. More recently, however, Manaos, which is situated on the Amazon
near the mouth of the Negro River, has become more and more of a collec-
tion point for rubber. The city of Iquitos, located not far from the Brazilian
border, forms a commercial center of increasing importance for the ruhl)er
collected in Peru.

Castilloa. Of the genus Castilloa (often designated in the recent American
literature as Castilla), which belongs to the Moraceae family, only one kind,

^ Tropenpflanzer Beihefte, 6
, 44 (1905 ).
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Figure 3—CastUloa elasfica. Three-year-old tree.

Castilloa Ulei, occurs in the Amazon region and the territory bordering it

on the north. Castilloa Ulei trees are to be found particularly in the Andes
and the higher mountain districts. The trees attain approximately the same
dimensions as those of the Hevea brasilicnsis. The young Castilloa trees are

characterized, however, by having side branches which stand approximately
horizontal, and which are bent downwards somewhat at the ends (Fig. 3).

Upon further development these branches are thrown off, beginning with

the lowest ones, and branches directed obliquely upwards then develop.

These latter lead to the formation of a crown. The leaves, which may be

up to 30 cm. in length, are short stemmed.
The flowers (Fig. 4) are, as with the related fig, united into pulpy in-

florescences. These latter are not closed in the case of Castilloa, although

they are more or less arched. Male and female flowers are to be found in

separate inflorescences but on the same tree. The fruits are surrounded by

pulpy hulls, and have seeds which are about the same size as a pea and which
are rich in oil.

Since the trees are generally felled in obtaining the rubber, they have
become almost completely exterminated in many districts, whei'e they for-

merly abounded. That Castilloa rubber has nevertheless not yet disappeared
from the world market is due primarily to the fact that new districts con-

taining Castilloa trees are continually being exploited.

The rubber derived from the different species of Castilloa is usually desig-

nated as Caucho and appears on the market in the form of “Balls,” “Slabs,”

or “Strips.”

Manihot. Like Hevea, the genus Manihot belongs to the Euphorbiaceae
family. Among the representatives of this genus is the Maniok {Manihot
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utilissima and other species), which is cultivated extensively in the tropics

on account of its starch-rich tubercles. In contrast to these shrub-like plants,

Figure 4

—

Castilloa elastica.

A. Leaf.

B. Branch with male
flowers.

C. Cut section of male
inflorescence.

D. Stamen.

E. Branch with female
flowers.

F. Arrangement of fruit

on stem.

G. Female blossom.

H. Seed.

(Courtesy of

0. Warburg.)

the varieties yielding rubber take the form of tall trees (Figs. 5 and 6). The
most important of these is Manihot Glasiovii, which is distributed especially
throughout the states of Ceara, Rio Grande del Norte and Parahyba. The
leaves of this plant are hand-shaped, usually with three to seven “fingers”
[see hig 7), and are spread out in a shield-shaped arrangement over the
s eni. Male and female flowers are to be found on the same inflorescence,
the male flowers are considerably smaller than the female and contain ten
s aniens and a, star-shaped nectary at the base. In the female flower is to
e ouncl a triple ovary, which carries three almost hemispherical stigmas.
Which are fringed around the edges. The fruit is a three-seeded capsule,me wal s of which fall to pieces on drying. As with the Hevea, the seeds

ml j
in the process. The somewhat flattened seeds are dark in

ATI
rubber derived from Manihot Glasiomi appears

on the market under the name of Ceara or Manicoba rubber

th/u
“Portant rubbers include (1) “Jequie Rubber,” obtained from

Manihot dichotoma, which grows especially in the southeastern part of

de ^lnV^
Bahia in the vicinity of the little city of Jequie; (2) “Manicoba

in k-fh; ,

derived from the Manihot heptaphylla and encounteredm flahia on the right bank of the Sao Francisco River; and (3) “Manicoba



Figure 5—Manihot glasiovil. Young trees.

cle Piaiihy,” obtained from the Manihot piauhyensis

,

which is to bp fmmH
especially in the southeastern part of the state of Piauhy.'^^

Hancornia. The genus Hancornia belongs to the Apocynaceae family,

and contains only one species, Hancornia speciosa, a small tree with loosely

hanging branches. It is cultivated considerably from Paraguay to Venezuela

on account of its fruit, which has a pleasant taste. The rubber from this

tree is designated as ^‘Mangabeira Rubber.’' It is obtained particularly from

southern Brazil, from which district it also comes on to the market under

the name of “Santos Sheets” or “Rio Sheets.”

Sapium. The rubber usuajly designated as “Caucho bianco” is obtained

from different species of the genus Sapium, which belongs to the Euphorbi-,

aceae family and which is found in the northern part of South America.
Thus in the Amazon district are to be found Sapium verum and Sapium
fapuru, and in Colombia, Sapium biglandulosum and Sapium Thompsoni.
The latter, which at the present day seems to be almost exterminated, yields

the highly prized “Colombia virgen.” The rubber originating in British

Guiana is derived principally from the Sapium Jenmani and certain other’

species of Sapium,^ Tall trees are characteristic of all known species.

E. Ule, TroPenpflanker BeiheftCf 6, 1 (1905) Sudaraerika,” p. 384, Kolonialw. Komitee,
and Bot. Jahrb., 35, 663 (1905); and O. La- Berlin, 1901; J. Huber, Rev. cult, coloniales,

broy and V. Cayla, ‘‘Culture et exploitation 10, 137 (1902); H. Jumelle, Ibid., 10, 170

du caoutcbouc au Eresil,” Societe generale (1902); E. Ule, Tropenpflanser Beihefte, 6,

d’impression, Paris, 1913. 14 (1905); and J. B. Harrison and C. K.
® See P. Preuss. “Expedition nacb Zentral-und Bancroft, “Rubber Recueil,” 56.
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Figure 6—Manihot glaziovii plantation (11 years old) in Muhesa, German East Africa,

during the dry season.

Figure 7

—

Nanihot glaziovii.

I. Blooming branch.

II. Female blossom.

HI. Male blossom.

IV. Fruit while still
green.

V. Fruit when dried out.

VI. Opened fruit com-
partment, seen from
die inside.

VIL and VI.IL Seeds.
IX. Cross ‘section of seed.
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There is a nectary on both sides at the end of the leaf-stalks. The very

plain male and female flowers are united to form spikes or clusters.

“Mistletoe’^ Rubber. This rubber was much discussed at the time when
prices Avere low. It was obtained from the fruit of certain Loranthaceae

which occur as parasites on the coffee tree, and was designated as ''Thina-

Riibber.” Commercially this rubber seems never to have played any note-

worthy role.^

Central America and Mexico

Most of the rubber from Central America is obtained from the various

species of Castilloa—the Castilloa panamensis of Panama, the Castilloa

costaricana and Castilloa micoyensis of Costa Rica, and the Castilloa elastica

(Fig. 3) and Castilloa lactiflua of Mexico. Certain other species, which yield

rubber of smaller value, are also to be found in Central America.^^

Figure 8—Guayiile plants on the deserts of northern Mexico.

(Courtesy of F. E. Lloyd.)

In the arid regions of southern Mexico, rubber is harvested from the

Guayule plant {Parthenium argenfatum)

,

which belongs to the Compositae
family.^^ {See Figs. 8 and 9.) Large plains in this district are almost

completely covered by the Guayule shrub. The rubber is recovered from

these plants by extraction or by mechanical methods. When the price of

rubber is high, Gua3mle rubber is put on the market in considerable quanti-

ties. The export from Mexico amounted to 8,946 tons in the year 1910-1911,

for instance. When the price of rubber went down, the production of

Guayule became negligible. In 1926 it increased again to 4,306 tons.*

^ O. Warburg, Tropenpflanzer, 9, 633 (1905); tution Publication fio, 139 (1911).
H. litis, Sitzber. Akad. Wiss, Wien, Mathem.^ * Translator's Note. According to information
naturiv. Klasse, 120, 217 (1911). furnished by the United States Department of

0. F. Cook, U. S. Dept. Agr., Bur. Plant Commerce, the imports of Mexican Guayule
Ind., Bull. No. 49, (1903); H. J. Pittier, rubber into the United States increased from
Contrib. from the U. S. Nat. Herbarium, 13, 4,306 tons in 1926 to 5,018 tons in 1927, and
247 (1910). then decreased steadily to a negligible quantity

See F. E. Lloyd, “Guayule,” Carnegie Insti- in 1931. V.N.M.



THE RUBBER-PRODUCING PLANTS 31

Figure 9—An exceptionally tall Guayule plant. (Courtesy of F. E. Lloyd.)

Lubber known commercially as '‘Palao amarillo” is also obtained in Mexico
from the Euphorbia fulva. This rubber contains a high proportion of resins.

In Central America, there is also obtained from the Achras Sapota a sub-
stance which is used for the preparation of the so-called ‘^Chicle gum.”

United States of America
At the time of the World War the investigation of a large number of latex-

yielding plants was begun in the United States of America. It was hoped to
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discover one which would be suitable for the profitable production of rubber,

in the dry districts of certain western states were found shrubs (species of

CJirysotJiamniis and Haplopappus especially) from which rubber could be

obtained in a manner similar to that used for recovering Guayule rubber.^-

The possibility of harvesting the existing stands, or of cultivation on a profit-

able basis in peace times, should not be overlooked. Fairly successful attempts

to increase the ruidjer content by rational breeding have been made. That the

mechanical production of rubber may become relatively cheap does not seem
impossible in these days of the high cost of labor. It is of interest to mention,

furthermore, that many of these species thrive on dry and poor soils which

are unsuitable for the production of other crops. Experiments along this

line have l^een carried on more recently in Florida by Thomas A. Edison.

He is said to have investigated over 3,000 plants as possible sources of rub-

Ijer, and to have obtained promising results.

Goldenrod is one of the common plants which have recently received attention.*

According to L. G. Polhamus [/. Agr, Research, 47, 149 (1933)], the leaves of 24

species of goldenrod were found to have rubber contents varying from 0,56 to 6.34

per cent. The variation in the rubber content within certain of the high-yielding

species indicates the possibility that plant selection and proper cultural practices

might lead to strains with higher rubber content.

J. C. Wichmanid" is also said to have succeeded in o1:)taining from the sap

of the OpuJitia, which grows wild in America, a rubl)er-like su1)stance, which

is said to be a possible suljstitute for riild)er.

Africa
For a long time Africa has held second place among the continents which

produce wild rubber. In the year 1900, the exports of rubber from Africa

amounted to about 16,000 tons, while those from the ports of the Amazon
were about 27,000 tons. The total world production of that year was 50,000

tons. According to H. X. Whitfordand A. Anthony^^, the maximum African

production, 20,500 tons, occurred in 1906. A gradual decrease took place

thereafter, a minimum of 2,433 tons being reported in 1922.

f

The quantities of rubber produced in the individual countries of Africa

have fluctuated considerably from year to 3^ear. This fluctuation is attributed

in part to the irrational tapping procedure of the natives, which frequently

leads to the destruction of existing trees. Political situations and the other

means of livelihood open to the natives are other factors which have in-

fluenced production. The maxima in rubber pimduction for the different

countries fall consequently in different years, as is apparent from Table 1.

T.\ble 1.—MaxUniim Production,
Coxintryl Year

Belgian Congo 1901
Angola 1904
French Equatorial .Africa 1917
Cameroons 1913
Gold Coast 1898
French Guinea 1912
Nigeria 1906
Senegal 1910
Ivory Coast 1904
Madagascar 1906
t Districts producing less than 1,000 tons not included.

Quantity (tons)

5,954

3,186

2,948

2,832

2,672

2,008

1,533

1,533

1,512

1,347

H. M. Hall and T. H. Goodspeecl. Univ. Cali-
fornia Puhl. in Botany, 7, 159 (1919).
India CulHtres. 13, 558 (192S).
U. S. Dept. Commerce, Trade Promotion Se-
ries, 34, 8 (1926).

* Translator’s note by V. N. M.
t Translator’s Note. Fluctuating with the price

of rubber, the African exports were up to

8,410 tons in 1927 and down to 1,747 tons

in 1932. V.N.M.
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In contrast to the American wild rubber, which is o1)tained almost exclu-

sively from rather large trees, the wild rubber of African origin is derived

largely from lianas (vines). These plants exhibit, when young, a shrub-

like growth. After reaching a certain age, however, they put out long shoots

having stalks so weak that they do not appear to be able to stand upright

without support. Like our pea or cucumber plants, they are provided with

numeroits branched tendrils, which stretch out in all directions. When these

tendrils come in contact with a suitable support, such as the branch of a

tree, they fasten around the latter tightly. Fig, 10). By this means,

it is possible for the liana, des])ite its weak stem, to climb to the very top

Figure 10—Landolphia Heudelotii (Courtesy of R. Schlechter).
A. Branch.

_

B. Flower. C. Flower, cut lengthwise. D. Ovary,
cut lengthwise. E. Head of style, F. Anther (front view). G.

Anther (side view). H. Fruit.
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of tail trees and produce its flowers and fruit in their crowns. The stalks

of the older rubber lianas may attain a length of 20 meters or more and a

circumference at the base of 10 to 20 cm.

The African liana (vine) rubber is now derived largely from various

species of the closely related genera, Landolphia and Clitandra. The different

kinds are not graded commercially according to their origin, however, but
rather according to the land where produced, the harbor from which ex-

ported, or the method by which produced. Since distinguishing the various

species is difficult even for an expert, and varieties of the same species seem
to produce rubbers of differing quality, it is easily understandable that a

decision regarding the botanical origin of the different commercial kinds of

vine rubber cannot be made with any assurance. In tropical western Africa

good rubber is obtained especially from the Landolphia Hciidclotli of the

northern districts, and from the Landolphia owariensis of the southern. In

eastern Africa the chief source is Landolphia Kirkii, of which there are

several varieties. Satisfactory rubber is also obtained from the Clitandra

clastica and Clitandra laurifolia of the Ivory Coast region; the Carpodiniis

landolphioidcs, C. nniflora and CL Siuioni of Cameroons; the CL nciindc,

CL oricjiialis (“Noir du Congo’’ or “Black Congo”), Landolphia Gcntilii

(“Rouge de Kassai” or “Red Kassai”), L. Klainci, L. Droogjiiansiana, Oiici-

notis hirfa and Periploca canariensis of Belgian Congo; the L. parvifoUa

( “iXIuteke”) of Rhodesia; the L. kilimandjarica, L. Petersiana, L. Stohii

and Holarrhena microtcranthcra (''PiripirT^) of German East Africa (Tan-
ganyika Territory) ; the L. IVatsoninana of British East Africa and the L.

Dazvei and L. ugandensis of Uganda.
Of primary importance among African trees is Kickxia clastica (also called

Funfiiinia elastica) , (Sec Fig. 11). The territory in which this tree grows
reaches from Lagos to Lake \hctoria. The ru1)ber obtained from it comes
into the market under the designation of “Silk Rubber.” Ficus Vogelii, which
grows rather extensively in western Africa, yields a rubber of average

quality. Good rubber is also said to be obtainalde from the Ficus Preussii

of Cameroons and the Ficus nckbiidii and F. Inihu of Belgian Congo.
“Mgoa Rubber” is the commercial name of the rubber from Mascarenhasia

clastica, which is to be found in the form of small trees in damp, low places

and along the rivers of the east coast of Africa, especially German East

Africa. Euphorbia rhipsaloidcs yields a ru])ber very rich in resin. This

rubber, which is produced in Angola, is known commercially as “Almeidina”
or “Potato Rubber.” When rubber was high in price, a product with a very

high resin content was brought into the market from Natal. This rubber
was obtained from Euphorbia Tiriicalli (Fig. 12). In southern Africa ef-

forts have recently again been made to procure rul)ber from the cactaceous
species of Euphorbia, wdiicli form trees up to 10 meters in height. According
to E. Neufeld,^® Euphorbia grandidens, E. tetragona, and E. triangularis are

satisfactory for this purpose. These species yield products containing con-

siderable resin and only about 25 per cent rubber. Like Guayule rubber
they can be used to advantage when mixed wdth other kinds of rubber.

Moreover, it is possible to separate resin and rubber, and to make subsequent
use of each constituent. There appears, however, to have been no appre-
ciable production of Euphorbia rubber so far. W. Spoon and M. van Royaffi®

have questioned the profits to be expected from efforts expended in this di-

rection.

Kautschuk, 3, 359 (1927). « Tnd. Merc., 50 , 209 (1927) and 51 , 195 (1928).
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Figure 11—Kickxla elastica (Courtesy of R. Schlechter).
A. Blooming branch. B. Sepal. C. Flower, cut lengthwise. D.
Anthers. E. Ovary with style. F. Fruit. G. Fruit, cut transversely.

H. Half of fruit, opened up. J. Seed. K. Transverse section of seed.

In addition to the rubber obtained from vines and trees, the so-called root
or herb rubber plays a certain role in Africa. This latter is obtained by
mechanical means from low bushes, which are too small in size to permit
of profitable tapping. (See page 65.) A considerable portion .of the rub-
ber obtained comes from the extensive root systems of these plants. The
most important source of root rubber seems to be Landolphla Thollonii.
Some rubber is also said to be detained from certain species of Carpodimts
(Figs. 13 and 14).
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Fij^ure 12—Euphorbia Tintcalli in the steppes near Makauga (German East Africa).

It should also be mentioned that in Angola, rubber has likewise been ob-

tained from the shrub-like Raphionacnie util is, and has been exported under

the name of ‘‘Ekanda Rubber.’’

The island of Madagascar is characterized by the great abundance of rub-

ber-producing plants. As on the African continent, those belonging to the

genus I^andolphia are the most important. Of the 14 species of Landolphia
already known, part yield good rubber and part less usable rubber. The
most widely distributed species appears to be Landolphia Perrieri (“Pira-

lahy”), which yields rubber whose usual commercial designation is “Majunga
Noir.” Good rubber is furthermore obtained from Landolphia sphraerocarpa

(“Reiabo”), L. crassipes (“Fingotra”), L. fmghncna and L. hispidida.

Among other rubber-producing plants, mention may also be made of

Cryptostegia inadagascariensis (“Lonbiro”), Sccainonopsis madagascaricnsls
(“Vahimainty”) and Gonocrypta Grevci (“Kompitso”)

.

Mascarenhasia arhorescens (‘‘Guidroa”), which is the source of part of

the ''Majunga Noir,” deserves first mention among the trees yielding rubber
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in Madagascar. Good rubber is also obtained from the Mascarenhasia
lislanthiftora, M. lanceolata, M, mangorensis, and to some extent from cer-

tain other species of Mascarenhasia. Considerable rubber was formerly de-

rived from Euphorbia intisy (‘‘Intisy'’ or “Herotra'O- This species is now
almost completely exterminated, however. The same also applies to

Euphorbia pirahazo, which never produced any great quantity of rubber.^^

Cf. especially Jumelle, H. J., *‘Les plantes k caoutchouc et a gutta,” Paris, 1903; ‘‘Rubber Recueil,’^ p. 38.
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Asia and Polynesia
The quantity of wild rubber produced in Asia has been relatively small

in comparison to that obtained from the Americas and Africa, although

there have been temporary exports of some consequence, especially from
India (proper) and Burma. In 1872-73, for instance, these amounted to

1,095 tons. Again, 1,288 tons were exported from Singapore in 1897.

First to be discussed among the Asiatic sources of wild rubber is Ficus

clastica (“Karet,’’ ‘'Rambong’'), which is also grown considerably in Ger-

many as a house plant, under the name of '‘Gummibaum.’’ In the tropics,

this species forms very large trees (Figs. 15 and 16), the roots of which
start al)Ovc ground. At the point wFere it penetrates the ground a root of

Figure 15—Ficus elastica

in the botanical gardens

at Buitenzorg (Java),

this tree may have a thickness as great as that of a man’s thigh. Ficus

clastica is distributed over a territory extending from south of the Himalayas

to the Sunda Islands. Considerable quantities of good liana (vine) rubber

are also obtained from Asia. The source of this rubber is particularly the

Willughhya firma of the Sunda Islands. Good rubber is produced, moreover,

by the different species of Urceola, vidiich likewise grow in the form of

vines. Among these may be mentioned Urceola clastica (of primary im-

portance), U, brachysepala, U. esculenta (Rangoon), U. acvitoacuminata

(‘‘Serapat”), U. malacccnsis (Malacca), U. Maingayi (Malay Archipelago)

and U, pilosa (Borneo).*

Translator’s Note. According to recent re-
ports, the tau-sagyz plant (a species of Scor-
zonera), which is indigenous in the mountains
of Kazakstan in Soviet Russia, has been found
to yield rubber of good c.’.ali::.-. See G. H.

Carnahan, [India Rubber World, SS, No. 5,

93 (1932)] and U. S. Dept. Commerce, Bur.

Foreign and Domestic Commerce, Special Circ.

Nos. 3313 and 3359 (1932). V. N. M.
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aV rubber of less value, which is marketed under the names of jclutong,

“Dead Borneo,” and poiitianak, is derived chiefly from the different species

of Dyera, especially Dyera costulata and D. Lowii. These two species, which

are widely distributed in Borneo, form trees of great size. The various

species of Alstonia constitute another source of this rubber.

Figure 16

—

Fmis elastica

A. Branch with inflores-

cences.

B. Syncarpy, cut longi-

tudinally.

C. Male flower.

D. Stamen.

E. Female flower.

F. Ovary.

G. Stigma.

(Courtesy of

0. Warburg.)

In Burma there are also to be found three rubber vines
;
vis., Eedysanthera

mikrantha, Paramcria barbaia and Rhynchodia JVallichli. In French Indo
China the lianas include Eedysanthera cambodiensis, E. Godefroyana, E.
linearicarpa, E. Qulntarcii, E. Tournicri, Micrechites Bailloni, M. napecnsis,

Parabarium diudo, Xylinbaria Reynaudi, and the tree-like Blcckrodla
tonkinensis. Other Asiatic vines containing rubber are the Paranieria
philippinensis of the Philippines, the Ficus hypophaea, F. Siipfiana, and
Ichnocarpus xanthogalax of Dutch New Guinea, the Ficus rigo of British

Guinea and the Alstonia Diirkheimiana and Ficus Schlcchieri of New Cale-
donia.

Although gutta-percha* need not necessarily be discussed in a treatise on rubber, the
two substances are so frequently associated that mention of the botanical sources of the
former seems not to be out of place. Gutta-percha is obtained from various trees of the
Sapotaceae family, particularly those of the species Palaquium (also called Dichopsis or
Isonandra) ohlongifolium and Palaquium obovaUm. The commercial product comes
chiefly from Southeastern Asia and islands off the coast of Asia; Singapore being the
main shipping point. (See Bur. Standards, Circ. No. 38, 5th ed., p. 11, 1927; Clouth, F.,
“Rubber, Gutta-percha and Balata,” D. Van Nostrand Co., New York, 1903; and Fischer,
B. J., “(Suttapercha und Balata,” Allgemeiner-Industrie Verlag, Berlin, 1933.

* Translator’s Note by V.N.M.
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Pf.AxN^TATiON Rubber

first allciiipt to establisli a plantation for the express purpose of ob-

taining' riil')ber was made in Java. A small planting of fiens elastica was
undertaken by the Forest Administration of that territory in 1861. Three
years later, more extensive plantings of this rubber tree were made in the

Tjiasem and Pamanoekan lands of West Java. These constitute the first

rubber plantations in the world.* The exports of rub])er from them in 1894

amounted to 3.1 tons. Experiments with other rubber plants were later

conducted by the various tropical botanical institutes. Rubber trees were
also planted upon many private estates, principally for the purpose of pro-

viding crops of secondary importance. From the beginning of the present

century, the increasing consumption of rubber and the consequent higher

price has led to a steady increase in the extent of the cultivation of rubijer

trees. Although experiments were formerly conducted with various species

r)f rubber-producing plants, it has graduall}^ become more and more apparent

that Hevea hrasiliensis is the most suitable species for districts having climate

and soil favorable to its growth. The cultivation of Hevea on the plantations

is consequently given first attention below. Experiments carried out with

other species are subsequently discussed.

Hevea
Information regarding the vast expansion in the cultivation of Hevea is

presented in Table 2, which lists the areas covered by Hevea plantations in

1926 (statement by the Rubber Growers’ Association).

In view of the important

role which the Hevea plan-

tations play in the production

of rubber, certain details of

general interest in connec-

tion with the arrangement
of the plantations and the

work carried out on them
will be presented below. Any
readers who desire to enter

the business of the culti-

vation of Hevea are referred

to the special literature on
the subject/®

The first consideration in

connection with the selection

of the district for a plantation is tliat Hevea hrasiliensis thrives best in a

damp, warm climate. Although some success may be had with this species

ill a rather dry climate, its growth is considerably slower and the yield much
smaller than when it is grown in districts having a damp climate. In general,

the planting of Hevea can only be recommended for such districts as have

a rainfall of at least 2 meters per annum. From the standpoint of temper-

ature, furthermore, it is not desirable to go too far up into the mountains.
In the tropics, land having an elevation not over 500 meters above sea level

is best suited for the cultivation of Hevea. The growdh of the tree is nat-

Table 2 .— Tolal Area Planted in Ilcvca.

oO In per cent of

acres the total area

]\IahL\’a .... 2,2:)0 47.4

Netherlands hAst Indies .... 1,()0() .‘JO.O

Ce3don .... 4:)() 9.5

Borneo and .Sarawak l.U) M.l

India 140 0.0

French Indo China 90 1.9

Other Countries TO 1.5

Total .... 4,750

See Wright, H., “Hevea Brasiliensxs or Para
Rubber; its Botany, Cultivation, Chemistry
and Diseases,” 4th ed., Maclaren & Sons, 1912;
Lock, R. H., “Rubber and Rubber Planting,”

University Press, 1913; and Swart and Rut-

gers, “Handboek voor de rubbercultuur m
Nederlandsch-Indie,” J. H, De Bussy, 1921.
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urally also dependent upon the nature of the soil, A deep, virgin forest soil,

rich in humus, and having a ground water level which is not too high, is the

most favorable. Boggy country requires thorough draining. It should be

borne in mind that the roots of Hevea trees penetrate loose soil to a depth of

3 to 4.5 meters, and sometimes even farther.

The propagation of the plants is carried out almost exclusively from seeds,

which begin to germinate a few days after .being planted. They lose their

ability to germinate rather quickly—within about two months when satis-

factorily preserved, and often in even less time. The preferred procedure

consequently is to plant them as soon as possible after they have been har-

vested.

In connection with the selection of stock it might first be mentioned that

by far the greater part of the trees in the Middle East originated from seeds

collected in Brazil by H. A. Wickham in 1876 and planted in Kew Gardens

in London. The seedlings raised from these seeds were sent to Ceylon and

Singapore and became the mother plants for almost all of the Elcvca ]3lanled

in the Middle East and in Africa. These plants are obviously all of one

species, Hevea brasillensis. They are, however, of many varieties or types,

differing in morphological properties and especially in yield-capacity. As a

consequence, trees growing under the same external conditions and tapped

in the same manner, may be capable of yielding quite different quantities of

rubber. This is illustrated in the following table, which presents the results

of tapping experiments made by Schierke.’'^ A total of 6,165 trees (approxi-

mately 10 years old) was tapped, and groupings were made in accordance with

the quantity of rubber produced.

Table 3.— )^ield of Ifc7'ca Trees• (I'nnHiu/ undi •/' ihe Same C'o)idii ioas.

Production No. of trees Prod action
Yield per tree Number of of each in each group of each
in each group trees in group in ill % of the group in 7r of

in grams each group grams total number total production

1 to 10 .2,678 5,812 43 19

11 to 20 2,006 7,456 33 24
21 to 30 703 5,651 11 19
31 to 40 360 4,033 6 13
41 to 50 216 3,125 4 10
51 to 60 72 1,246 1 4

61 to 70 40 806 0.7 3

71 to 80 43 980 0.7 3

81 to 90 24 627 0.3 2

91 to 100 17 485 0.3 2

101 to 110 ....

111 to 120 2 69 0.03 0.2

121 to 130 4 155 0.06 0.5

Totals 6,165 30,445

From Table 3, it is evident that the trees yielding from 21 to 130 grams
produced 57 per cent of the total quantity of rubber, although they con-
stituted but 24 per cent of the total number of trees. Furthermore, 7.1 per
cent of the trees, each yielding from 41 to 130 grams of rubber, accounted
for 25.5 per cent of the total production. Results agreeing with those shown
above have also been obtained by other investigators.

See N. L. Swart and A. L. Rutgers, ‘‘Hand- Indie,’^ p. 50, J. H. De Biissy, 1921.
boek voor de rubbercultuur in Nederlandsch-
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Further studies have demonstrated that the specihc quantitative yield-

capacities of the trees are not appreciably changed by continued tapping over

a long period of time. It is thus possible to distinguish in general between
high- and low-yielding trees. It is the endeavor of the planter to have trees

with the highest possible yield capacities distriljuted uniformly over his plan-

tation. On estates already existing and usually planted too thickly, a con-

siderable increase in capacity has been brought about by thinning out the

poor-yielding trees only. By vegetative propagation—especially bud-grafting

from high-yielding trees—it is also possible to obtain plantations with higher

average yield capacities.* The principal effort now is to grow high-yielding

seedlings by means of careful selection of seeds. Since the productive ca-

pacity cannot be determined with any certainty until the tree is several years

old, considerable time and effort is expended before any decision can he made.

The experiments in seed selection have nevertheless already given some prom-
ising results.“°

It is recommended that seeds selected for planting should ]je collected only

from trees characterized by a large size and a high yield of rubber. In prac-

tice this selection is rendered difficult by the fact that the seeds are hurled

for some distance when being discarded by the trees.

The seeds may be either planted in the field or else first grown in a

nursery. In the latter case, before planting in the field, the seedlings are set

t

out in pieces of tube-shaped bamboo stalks, or ’in planting baskets made of

the sheaths of banana leaves, pandaniis leaves, etc. The larger plants are

trimmed (stumped) before the final replanting. The plants in this condition,

with shortened stalk and main root (so-called “stumps’"), are in an espe-

cially satisfactory form for transportation over a considerable distance.

The land where the seedling is ultimately to be set out is prepared while

the latter is being grown. If it is a case of virgin forest, all bushes and

trees on the land are first felled (and burned in place, provided there is no

other use for them). The ashes obtained are distributed uniformly over the

plantation. With very damp soil, it is necessary to take care of drainage by

means of ditches.

In order to make the subsequent control of the work of planting easier,

the whole clearing is parceled out into square or rectangular divisions of

uniform size (about 1 hectare). The boundaries of the divisions or fields

can also serve as roads, in case the land is relatively level. In mountainous
country a more carefully planned network of paths (roads) must be laid

out.

After the ground has been prepared in this manner, the places where the

plants are to be set out are marked. The locations for the plants are usually

arranged in rows parallel to the borders of the individual divisions in such

a manner that the distance between trees in a row is the same as the distance

between rows. This distance between plants was formerly quite small

—

often about three meters, for instance.. Greater distances have gradually

come into vogue. Although the planting of fewer trees per acre results in a

smaller yield in the early years, this difference is soon overcome as a conse-

quence of the greater development of the less densely planted trees. More-

* Translator’s Note. According to C. H. Wright
(“Modern Aspects of Rubber Cultivation,” p.
118, Maclaren & Sons, London, 192S), “A
yield of 1,250 pounds of rubber per annum
from a mature field of budded trees, at 10 to

15 years old, may probably be taken as a safe

ngure as corapa

ordinary unselected seed.”

See Tropenpfianser, 30, 268 (1927).
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over, the vitality oE the trees is greater and the cost of tapping is considerably

less 'in the case of trees planted farther apart. Distances as great as 10

meters have recently been recommended. Use is also often made of the

method in which the plants are set out rather close together and the distance

necessary for fullest development is later ol)tained by means of selective

“thinning out.''

In order to facilitate the growth of the young plant, a hole is dug at the

place where it is later to be planted. This hole may be cubical in shape, each

dimension being about 0.5 meter. Some time before the actual planting,

the hole is again filled in.

In former years, the ground was generally freed from weeds before plant-

ino- (clean weeding), especially in the English colonies. The conviction has

gradually been reached, how’-ever, that the resulting continuous exposure of

the soil to the sun has a disadvantageous effect on its chemical and physical

properties, and on the microorganisms contained in it. Recently, there has

been considerable tendency to plant cover crops (green manuring) and thus

not only shade the soil but also enrich it by adding nitrogen and humus.

f

Where the country is very hilly, the erosion of the top soil is disadvantageous.

Attempts have been made to increase the development, and especially the

yield, of rubber trees by using chemical fertilizers. With poor, exhausted

and badly eroded soils very favorable results have often been obtained by

using fertilizers. M. K. Bamber-^ observed an increase in the yield of rub-

ber when using fertilizers, especially those containing nitrogen and phos-

phorus. Lime is also recommended, although care is rectuired in its use.

The experiments along this line cannot yet be said to have led to conclusive

results.*

In order to obtain returns from the plantations in the first few years, other

crops (intercrops) are often grown between the Hevea trees. Annual plants,

such as maize, maniok, tobacco, sesame, and peanuts, are in favor for this

purpose; Plants of longer life, such as cacao and coffee, are also often

planted among the rubber trees on plantations. In recent years the prefer-

ence has been for Robusta coffee, which produces a large crop at an early

date. In the first few years, a certain amount of shade seems to be demanded
by the Hevea trees

;
later, their tops must be completely exposed to the light

of the sun.

As with all large stands of trees, there exists the danger that the epidemic
occurrence of diseases or insect pests may destroy individual trees or whole
plantations. In the various territories where Hevea grows, a large number
of pests and diseases are already to be observed. Especial mention may be
made of termites, root fungi and brown bast, which is favored by tapping
too heavily.^^

t Translator’s Note. Recent tests conducted by
W. B. Haines [/. Rubber Research Inst.
Malaya, S, 78 (1933)] indicate that the growth
of young Hevea trees is inhibited somewhat
by cover crops, since the latter compete for
the available plant food. V. N. M.
Dept. Agr. Ceylon Bull., No. 36, (1918).
Translator’s Note. Recent results have indi-
cated that the use of fertilizers is usually ad-
vantageous, provided judgment is used with
respect to the district to be fertilized and the
mixture to be employed, and also with regard
to the mode and time of application- Thus
C. H. Wright (“Modern Aspects of Rubber
Cultivation,” p. 81, Maclaren & Sons, London,

1928) states, “In the majority of cases it may
reasonably be said that there are very few
estates where it would not be possible to im-
prove the growth of the rubber, and secure
large crops on some area or other of the prop-
ei'ty in question, by manuring.” V.N.M.

22 See Petch, T., “The Diseases and Pests of
the Rubber Tree,” London, 1921; Steinmann,
A., “De ziekten en plagen van Hevea brasilien-
sis in Nederlandsch Indie,” Archipel Druk-
kery, Buitenzorg, 1925; Weir, I. R., “A
Pathological Survey of the Para Rubber Trees
(Hevea Brasiliensis) in the Amazon Valley,”
U. S. Dept. Agr., Bur. Plant Ind., Bull. No.
1380 (1926).
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Thus £ai% however, after exact studies of the diseases produced by the

pests, the entomologists and mycologists at the various stations, have com-
bated their further spread successfully. It should be mentioned nevertheless

that, according to G. Stahel,-^ the occurrence of a leaf disease introduced

by a fungus caused the abandonment of Hevea cultivation in Dutch Guiana.

The inal matter to be considered at this point has to do with the cost of

preparation of plantation rubber. H. E. Miller- ‘ reported that this amounted
to about 2 shillings a pound in 1910, and 1 shilling (approximately 24 cents)

in 1915. Upon well conducted plantations the “all-in’’ cost in 1927 was as

low as 10 pence (about 20 cents) per pound. According to a compilation

in Gummi-Zeitung [Vol. 41, 2373 (1927)], the average cost for 49 Dutch
plantation companies was 6.45 pence per pound. The cost of preparation

and delivery at the port of export amounted to 75.8 guilder cents per kilo-

gram (about 14 U. S. cents a pound) on the rubber establishments of the

Dutch Government, according to A. \\'. de Jong.-''^

Manihot
The only one of the various species of Maiiiliot which has been cultivated

to any extent up to the present time is Manihot GlaNovii. The experiments

already conducted make it appear that the growing of the other species would

probably be unprofitable.

Since Manihot Glaziovii requires much less moisture than Hevea, and does

not exhaust the fertility of the soil as rapidly as does the latter, it can be

cultivated in districts which would not be suitable for profitable plantations

of Hevea. Manihot thrives, for instance, in the relatively dry lowlands of

German East Africa (Tanganyika Territory). In the year 1913, rubber

plantations covered 45,317 hectares in this district. Of this number, only

17,116 hectares were yielding rubber. The 12,088 tons of plantation rubber

harvested in this region in 1913 were derived almost exclusively from

Manihot Glaziovii.

In contrast with Hevea, Manihot Glasiovii has the further advantage of

yielding rubber at an early age. The trees may be tapped after two years’

growth. Although trees were often tapped while even younger in German
East Africa, the process was very deleterious to the vitality of the plants.

In the early days, the plants were also placed too close together in the at-

tempt to obtain the highest possible yield. The profits obtained from these

plantations were nevertheless considerably^ less than those from the Hevea
plantations of the Aliddle East. In fact it is doubtful whether plantings of

Manihot GlaHovii, even with systematic cultivation and tapping, can ever

compete with a well-situated Hevea plantation, since in the case of the latter

the yield per acre is considerably greater and the cost of tapping appreciably

less. By using systematic and uniform methods of preparation, it should

be possible to decrease the difference in price between Manihot (which is

capable of broad industrial application) and Hevea rubbers. It does not

seem unreasonable to believe that, were it not for the overproduction of

rubber for the world market, it would be possible to continue the profitable

cultivation of Manihot in districts where the growth of Hevea would not

pay, but where the labor situation was such as to make possible a low cost

of preparation of the rubber. Like Hevea, but in contrast with other rubber

23 Bull, Dept. Landhouw Suriname, 34, 1 (1917). * Translator’s Note. At the present time (Mar.,

1933), the cost of preparation of rubber is

Bull. Rubber Growers’ Assoc., 9, 774 (1927). much less, although it undoubtedly remains

above the selling price (less than 4 cents per

India Cultures, 12, 1032 (1927). pound in New York). V.N.M.
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plants, Manihot will produce a profitable yield of rubljer over a long period

during wiiich tapping is repeated at short intervals.

The distance of 2.5 meters between plants, which is common in German

East Africa, should certainly be given up in favor of distances of 4 or 5

meters. Since the trees of Manihot GlaHovii, like those of Hevca brasiliensis,

exhibit wide differences in yield-capacity, even when grown under the same

conditions, selective thinning and the propagation of high-yielding stock

should greatly increase the profits obtainable. For a more thorough discus-

sion of the cultivation of Manihot, reference to the detailed monograph of

the writer is suggested.-®

Ficus elastica

As previously mentioned, Ficus elastica was planted on the first rubber

plantation. Since this species is indigenous to the East Indies and the Malay
Archipelago, it is only natural that it was used in the first cultivation experi-

ments in the Old World. Ficus was later replaced more and more by Hevea
and Manihot, primarily because of the long time required for it to come
into production and the relatively low yield per acre and per year which were
obtained. Experiments carried out at various places in the tropics have in-

dicated that a Ficus tree produces a large quantity of ruljber when first

tapped, but rapidly decreasing quantities upon being repeatedly tapped. A
long rest period is required in order to restore the original yield-capacity.

Since each tree requires considerable space if its top is to be fully developed

(10 to 20 meters between trees), only a small number of trees can he grown
on an acre. There are various types of Ficus elastica, which cannot he

readily distinguished from one another by means of morphological character-

istics, but which deviate widely in the quantity and quality of the rubber they

produce. In this connection, it may be mentioned that descendants of rublier

trees (Gunimibaumen) originally imported into Germany, yield only a little

rubber of low value upon being transported to the colonies; even though they

cannot be distinguished botanically from tropical Ficus elastica.

From the discussion above, it is easy to understand why Ficus elastica is no

longer being planted on new estates. Trees of this species have been used as

shade trees on the cacao and coffee plantations. Their widely branched
crowns and extensive root systems make them quite unsatisfactory for this

purpose, however. The use of Ficus elastica trees as wind breakers was for-

merly recommended, since the thick foliage of these trees makes them quite

capable of holding back the wdnd. Furthermore, the. growth of this species

on portions of the plantations not used for other purposes is a possibility

worthy of consideration. Since the cultivation and care required by these

trees is not great, and the cost of tapping per pound of rubber produced is

relatively small for old trees, a certain profit may be obtained from such
plantings, provided the price of rubber is not too low.

Castilloa (Castilla) ^

More or less extensi^ experiments with Castilloa were carried out in the
iMiddle East in the early days of the plantation industry. The exact species
used in this work is not known with certainty. The results obtained with
Castilloa were in every case so unfavorable as compared with those with
Hevea that the cultivation of the former has been given up entirely, and many

Zimraermann, A., ‘*Der Manihot-Kautscliuk. G. Fischer, Jena, 1913.
Seme Kultur, Gewinnungr ttnd Praparation.'^
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of the previously planted trees have already been felled. Tn Mexico and
Central America, the natural home of various species of Castilloa, the cultiva-

tion on plantations was begun in 1897, according to O. Preusse-Sperber.^^

Since Castilloa requires approximately the same conditions (with respect

to soil and climate) as Hevea, and the growth of the latter is much more
profitable, many of the Castilloa plantations have already been abandoned. In

addition to the low yields obtainable, Castilloa is placed at a further disadvan-

tage by the fact that the wounds in the trees made by tapping heal with dif-

ficulty, and the resulting injuries frequently lead to the death of the tree. In

many regions these trees are also very much infested with animal and plant

pests, especially the capricorn-beetle larvae, which live in the trunks.

Kickxia

There has been considerable planting of Kickxia elastica, which is indige-

nous to Western Africa, particularly along the coast of Cameroons. Great

profit was expected from these trees, since this species is capable of yielding

a very satisfactory rubber, and the giant trees of the virgin forest were known
to yield large quantities of latex. As was proved by H. Picht,-® the yields on

the plantations were much smaller than had been anticipated. As with Ficus

and Castilloa, long rest periods are required between tappings in order to re-

store the original yield-capacity. Since Kickxia, furthermore, requires about

the same climate and soil as Hevea, its cultivation has been given up entirely.

Nevertheless, whenever the price of rubber is not too low, the working of

large stands of old trees can proceed at a profit.

Lianas (Vines)

Since many vines yield rubber which is quite satisfactory for many pur-

poses, and since the plants were often so injured in handling that complete

extermination was feared, the natives in Belgian Congo were clirected to grow
50 rubber trees or lianas, or 15 plants yielding root rubber, for every 100 kg.

of wild rubber harvested. Tn 1906 some 9,500,000 plants were said to have

been in existence already. The writer has no information regarding the atten-

tion which was given these plants after they had been put out. Since the con-

clusion subsequently reached was that the regulation regarding the planting

of trees was undesirable, it was abolished.

Before the introduction of Hevea into Sumatra, IVillugJihya firvia is said

to have been planted, partly by the natives. It was tapped first after ten

years, and annually thereafter. Leembruggen-® also started a plantation with

this same species in Sumatra. It was later abandoned, as it did not prove to

he profitable.

Mention should also be made of a young planting of Landolphia Stohii in

the Lengenburg district of German East Africa, which the writer was per-

mitted to visit. He is of the opinion that this plantation could never have

been operated profitably had not abnormally cheap labor been available.

Rubber lianas do not seem to be very well suited for plantations, because

they yield little rubber until they are comparatively old. Their culture is

rendered more difficult, moreover, by the fact that they must be provided

with trees upon which to vine. The requirements of such trees are that they

be not too high nor provided with too dense a foliage, as otherwise the de-

velopment of the vines will be retarded Continual pruning is also necessary

Tropenpfianser, 19, 281 (1916). Ibid., 23. 10 (1920). ^ Teysmannia, 10, 353 (1899).
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with lianas in order to prevent them from growing together so densely as to

make satisfactory tapping impossible. In fact, quicker profits would probably

be derived from the cultivation of vines if they were not tapped in the regular

manner, but were cut down entirely at times, and the rubber extracted from

the bark by machinery. Since the capacity of these vines for regeneration is

very great, rubber could again be harvested from the same stocks in a few

years.

Parthenium Argentatum

Upon the experimental plantation at Salinas, California, experiments on

the cultivation and acclimatization of the Guayule plant (Parthcniuui argen-

tatum) have been in progress for 15 years. The results have been favorable,

since high yields have been obtained from plants grown from selected seeds.^*^

After further experiments had demonstrated that a usable rubber could

be produced from these plants, large areas in the southwestern part of the

United States were planted by the Intercontinental htubber Company of New
York. Further expansion of these Guayule plantations is contemplated. The
cost of production of this rubber is reported to ])e relatively small, since hand
labor in the planting and harvesting of the rifijher has Ijeen replaced almost

entirely by machine operations. It is said that the Guayule rubber produced

by a well-paid farmer or machinist is as large in amount as the Hevea rubber

turned out by IS coolies in Malaya.‘^^

Cryptostegia

Experiments on the cultivation of Cryptostegia have l)een conducted in

Florida and the Bahama Islands. According to an article ])y C. S. Dolley,'^-

Cryptostegia grandiflora and Cryptostegia viadagascarlensis are the species

which had been planted up to 1927. The prospects of cultivating these species

at a profit in the United States wei'e not considered by Dolley to be very good.

Scorzonera

Recent reports* indicate that the tau-sagyz plant, which is said to be a species of

Scorsonera, is being cultivated in Soviet Russia. {See U. S. Dept. Commerce, Bur,
Foreign and Domestic Commerce, Special Circ. Nos. 3313 and 3359 (1932)]. Experi-
ments with this plant, the roots of which contain rubber of good quality, indicate that
it can be grown successfully not only in Asiatic Russia but also as far north as Moscow
in Europe.

Gutta-Percha

According to Hauser,* gutta-percha has been produced on plantations in recent years.
The success thus far reported leads to the belief that the cultivation of trees from which
gutta-percha may be obtained will increase in the future. See Hauser, E. A., “Latex,''
(English translation by W. J. Kelly), p. 50, Chemical Catalog Co., Inc., New York,
1930. For details, see India Riibber J., 84, 658 (1932).

See V. Sauchelli, India Rubber World, 75, India Rubber World, 76, 3 (1927). Also see

384^(193oi
Spence, Ind. Eng. Chem., 22, Dept. Agr. Yearbook Separates Nos. 993

“ See India' Rubber World, 79, No. 1, S3 (1927) and 1299 (1932),

(1928). » Translator’s note by V. N. M.
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Anatomy of the Laticiferous Elements

Microscopic investigations of the laticiferous systems of various plants

have demonstrated that the latex can occur in “cells,” “tubes,” and ''vessels.”

The latex “cells” differ only slightly in size and shape from the cells of the

other tissue of the plant in which they are distributed. Among the niljber

plants, latex cells are to be found especially in Parthcniiim argentatum, from
which Guayule rubber is obtained. Since there is no connection between the

individual cells, latex can flow only from such cells as have been actually

opened by a cutting operation. Consequently, it is not possible to obtain the

latex by tapping, as is the case with plants provided with latex tubes or vessels.

In the case of latex “tubes,” such as are encountered in the rubber lianas

in the various species of Castilloa, and in Ficus clastica, a continuous tube
system runs all the way through the body of the plant. The individual cells,

by continuous branching, form a network throughout the other tissue present!

Although there is a separation between the nuclei contained in the cells, the

|\tubes are open and non-articulated. A movement of latex throughout the

'fcTole tube system is thus possible, and large quantities of latex can be ob-

tained from the tubes opened when a plant of this kind is cut.

Opening a single laticiferous element by tapping also permits the removal
of latex from connected elements, in the case of the “vessel” (laticiferous

duct) system.* In this system, however, the latex channels result from the

complete or partial absorption of the transverse walls between cells, and the

simultaneous partial absorption of the lateral walls between rows of cells.

“VTssels” are to be found in the most important rubber plants, such as the

species of Hevea which yields Para rubber, and Manihot Glaziovii, which is

the source of Ceara rubber. Therefore, it would seem to be of interest to go

somewhat more extensively into the anatomy of these plants, which seem to

resemble each other markedly. The discussion will be limited to the bark,

which is the only part of practical importance in connection with the collection

of rubber. It should be mentioned, however, that these plants contain late.x

vessels in all other parts except the wood. ATssels are to be found in the pith

of young stems, in the leaves and petioles, in the various parts of the flowers

and in the fruit.

In Figure 17 is shown a transverse section of bark from the trunk of a

pung Manihot Glaziovii tree. It is to be observed that the vessels, which are

indicated in the diagram by means of heavier lines inclosing dotted areas, form
bands (M-M) running parallel with the cambium (C-C). These bands are

interrupted only by the medullary rays. The diagram of the anatomy of the

bark (Fig. 18) and that of the longitudinal section (Fig. 19) prove that this

apparent interruption is an illusion, and that the medullary rays merely form
holes through the vessel system, which latter, like the cambium, forms cylin-

drical layers extending along the trunk of the plant.

In that portion of bark shown in Figure 17, three cylindrical layers (rings)

of laticiferous ducts are to be found. It is not difficult to understand how an

increase in the number of these rings accompanies the increase in the thickness

of the bark as the plant grows older. New cylinders or rings are formed by

* Translator’s Note. There is considerable con- cells,” etc. The term “laticiferous (or lactif-

fusion with respect to the terminology relating erous) duct,” implying a continuous tube or

to this important system. The laticifers in vessel formed hy a row of elongated cells

Hevea brasiliensis have been designated as which have lost their intervening partitions,
vessels,” “sacs,” “tubes,” “ducts,” “fused appears to be peculiarly appropriate. V.N.M.
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adding sieve-tubes, accompanying cells, and bark parenchyma, alternately

from the cambium out. In the case of Hevea, about three new rings are or-

dinarily added each year, according to P. E. Keuchenius.^^

As soon as the trees have attained a certain age, it can be observed that the

oldest rings, which lie nearest the outside, are torn apart more and more as

the bark grows in thickness. They finally degenerate to such an extent that

they give no latex upon being tapped.

Figure 17— Transverse sec-

tion through the inner bark
of the Manihot Glasiovii.

M-M. Latex vessels.

C-C. Cambium.

a KK

Figure 18—Diagram of the latex ves-
sel system in the bark. K. Cambium.
M. Latex vessel system.

Rs. Medullary rays.
KK. Cork cambium.
B. Cork layer.

Figure 19—Tangential longitudinal section through
a layer of latex vessels. (Horizontal in this diagram

corresponds to vertical in the growing tree.)

Since the cambium, which lies, between the wood and the bark, forms a
connecting layer throughout the whole plant, from the finest root to the small-
est branch, it is easy to understand how a row of latex vessels, which is first

formed from the cambium, can also be continuous through the entire plant.
At the base of the leaf-stem there is a partial break in the continuity of the
vessels, according to W. Bobilioff.*^^ W, A. Arisz^^ has observed a similar
interruption at the bases of young branches.

Arch. Rubberciiltunr, 2, 407 (1918), the stem to which it is attached. See India
Translator’s Note. According to C. E. T. Rubber J., 84, 653 (1932). V.N.M.
Mann, there is little or no connection between Arch. Rubberculfuur, 2, 735 (1918).
the latex vessel system of the leaf and that of “ Ibid., 3, 139 (1919).
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Altboiigh it was formerly l^elieved that there was no connection between
the various individual rings, it has since been demonstrated by Arisz and by
L. E. Cambell and G. Bryce'*'*^ that isolated connecting links exist. These con-
nections consist either of individual vessels or combinations of the same; or
may result from forking of the ring. According to P. E. Keuchenius,^" fork-
ing is especially to be found in the renewed bark on tapping cuts. It is stated

by W. Bobilioft'^® that the number of connections between rings is usually very
small, although it may be large with certain trees.

in every case, the communication established by the connecting links is

quite incomplete. Consequently, upon cutting into one cylinder only the latex

contained in it comes out at first ; and the flow from the adjacent cylinder can
follow but slowly. In fact, the yield of latex from a cut varies with the

number of rings cut or with the depth of the cut in the bark. The maximum
flow is obtained when the cut is so close to the cambium that latex can be de-

livered from all of the rings. It must be borne in mind, however, that any
injury of the cambium is particularly harmful to the tree.

From Figure 19 it is obvious that the flow of latex in the longitudinal direc-

tion takes place much more easily than in the transverse direction. Further-
more, it has been proved that much larger quantities of latex are obtained

from transverse cuts than from longitudinal cuts of the same length, and
that the flow of latex is preponderantly in the vertical direction. Since latex

cannot be collected from a horizontal cut {sec subsequent discussion), it is the

practice when tapping to make cuts at more or less of an angle from the

horizontal. This angle amounts to about 35'^ in the case of Hcvea trees. It is

to be borne in mind that, with Hcvca, as was proved by T. Fetch, the vessels

do not run in a vertical direction, but rather in the direction of a spiral ascend-

ing toward the right. From this it follows that more vessels will 1)6 opened by
making an inclined cut which rises to the left than by making one which rises

to the right, at the same angle with the horizontal.

Figure 20 brings out this point diagrammatically. The light lines of this fig-

ure indicate the direction of the vessels
; the heavy lines the directions of the

tapping cuts. It is obvious that the rational method of tapping is shown by

Diagram II of Figure 20. The difference in yields obtained with these two
methods of tapping was found by E. BatesoiT® to be 14 per cent, and by

A. W. K. de Jong,*^^ in various experiments, 14.3 and 11.2 per cent.

Figure 20—Diagram showing different kinds

of tapping cuts and the direction of the latex

vessels in the trunk of a Hevea tree.

Rubber Res. Scheme Bull., 75 (1918).

Arch. Rubbercultuur, 2, 837 (1918).

Bobilioff, W., “Anatomy of Hevea Brasilien-

sis/’ p. 64, Zurich, 1923.

Fetch, T., “The Physiology and Diseases of

Hevea Brasiliensis,” p. 112, Dulan & Co..

Ltd., London, 1911.
^ Tropenpflanser, 19, 628 (1916).

Arch. Rubbercultuur, 3, 1 (1919).
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Upon investigating the bark of a large number of Hevea trees, it has been

found that for trees of the same age the number of rings is the same, while

for trees having bark of the same thickness the number may be quite different.

This observation led to speculation regarding the existence of a relation be-

tween the number of rings and the yield of latex. That such a relation exists

has been proved by various investigators.^^ In fact, the method of counting

rings with the aid of a good magnifying glass has been used considerably (dur-

ing experiments in plant selection, for example) in differentiating between

trees of high and low yield-capacity. Such a method of determination cannot

be trusted beyond a certain point, since the number of rings is not the only

factor influencing the yield of latex.

H. Ashplant^^ has recently demonstrated that the distance l)ctween the indi-

vidual rings can also exert an influence on the quantity of latex obtainable

upon tapping. Since the tapping cut is always restricted in depth, so as to

avoid danger of injury to the cambium, and since the distance between the

deepest part of the cut and the cambium is always about the same (approxi-

mately 1.5 mm.), it follows that (for barks having the same number of rings)

the greater the number of rings in this protected zone, the smaller should be

the yield of latex. By means of this observation, Ashplant has been able partly

to explain the fact that the yield of latex is greater at the base of the trunk.

Since the rings are farther apart at the base, their number in the protected

zone at the base is less than farther up the tree.

Ashplant^^ has also called attention to another anatomical factor which in-

fluences the yield of latex; namely, the size of the latex vessels (or “tubes,"’

according to Ashplant’s terminology). Among different Hevea trees the vari-

ation in “tube’’ bore may be considerable (21 to 51 /x). On the other hand,
the variation in “tube” bore in different parts of any given tree is relatively

small. A further observation of Ashplant was that a direct proportionality

exists between the diameter of the latex “tubes” and the diameter of the bark
cells. This observation is of practical importance, since the size of the bark
cells can be measured much more easily than that of the latex “tubes.” Since
the wider “tubes” contain more latex and offer less resistance to its flow than
the narrower ones, a larger yield from the former should be anticipated. The
experiments of Ashplant have confirmed this supposition. To what extent
such determinations may be used in practice as criteria for judging the yield-

capacity of trees remains to be determined with exactness.

Latex

General Botanical Characteristics

That a living protoplast is still present in the completely developed laticif-

erous elements follows from the fact that it has been found to be possible
to demonstrate in them numerous normally formed cell nuclei."^® M. C.
Potter^® was able further to demonstrate that tjie starch grains observed in

thelaticiferous ducts of certain Euphorbiaceae are formed on leucoplasts. Ac-
cording to the observations of F. Kallen,^"^ and H. Molisch,^® it seems very

G. S. Wliitby, Ann. Botany, 33, 313 (1919);
W. Bobilloff, Arch. Rubbercult%iur, 4, 383
(1920); C. D. La Rue, Ibid., 5, 574 (1921);
C. H. Gadd and G. Bryce, Dept. Agr. Ceylon
Bull, 68 (1924); R. A. Taylor, Rubber Res.
Scheme Bull, No. 43 (1926).

® Bull Rubber Growers’ Assoc., 9, 571 (1927).

Bull Rubber Growers’ Assoc., 9, 571 (1927)
and 10, 484 (1928).

^ See MoHsch, H., “Studien uber den Milch-
saft und Schleimsaft der Pflanzen,” G. Fisch-
er, Jena, 1901.

Linnean Soc., 20, 446 (1884).
^ Flora, 71, 86 to 104 (1882).

Loc. cit.
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probable that there is in the laticiferous elements, as in all older living plant

cells, a differentiation into cytoplasm and cell sap. As a result of his observa-

tions, G. Berthold^® considered the latex to be nothing other than a meta-

morphosed protoplast in which, at the height of its development, there is no

sap vacuole. H. Molisch showed, however, that the observations of Berthold

cannot be considered evidence for such a view. Ilow the various constituents

of the contents of the laticiferous ducts are distributed in cytoplasm and cell

sap cannot be stated from the available investigations. That the latex that

escapes from the laticiferous ducts as a result of injury comprises a mixture

of cell sap and cytoplasm follows from the fact that it was possible to demon-

strate cell nuclei, leucoplasts, and starch grains in it. It cannot yet be decided

with certainty, however, whether the rubber inside of the uninjured laticif-

erous elements is only in the cytoplasm, or in the cell sap, or in both. The

first possibility is certainly rendered very improbable by the large amount of

rubber contained in some latices. H. IMolisch observed in longitudinal sec-

tions through fresh petioles of Ficus elastica a thin plasma tube, in the cavity

of which the rubber particles were found. Similar observations were made

also by W. Bobilioff.^® In any case the possibility that the rubber is formed

within the protoplast and from there gradually finds its way more and more

into the cell sap does not seem to be excluded.*

The rubber inside the latex elements is in the form of particles, which are

often approximately spherical in shape. Since a shape deviating consider-

ably from the spherical is not infrequent, the writer prefers the term ‘'rubber

particle” to such designations as “rubber sphere” or “rubber globule.” Al-

though the particles may possess a diameter as great as several microns, many

of them are too small to be perceptible in the ordinary microscope.
*

The liquid surrounding the rubber particles is generally designated

as the “serum.” The composition of the serum is quite complicated, and

may vary considerably from one species to another. Colloidal material

is usually present.

In the section which follows, a discussion is given of the observations

which have been made in connection with the individual characteristics

of the rubber particles of the various species of plants. In order to avoid

repetition, the description of the non-rubber constituents present and of

the chemical properties of the latex is omitted at this point and is pre-

sented in the section devoted to the chemistry of rubber. On the other

hand, the physical properties of latex, and the physiological investiga-

tions which have been conducted in connection with them, are treated

below, after the discussion of the individual characteristics of the

particles.

The Individual Characteristics of the Rubber Particles

IN Various Plants

Since the rubber particles of the typical rubber plant consist chiefly

of rubber itself, it is to be anticipated that they should agglomerate upon

the coagulation of the latex. Whether other somewhat resin-like sub-

^ Berthold, G., “Stiidien uber Brotoplasmanie-
chanik,” Leipzig, 1886.
Arch. RubbercuHuur, 9, 313 (1925).

* Translator’s Note. In a recent lecture, C. E.
T. Mann, botanist of the Rubber Research In-
stitute of Malaya, stated that the evidence now

points to the fact that the protoplasmic lining

of the latex vessel is the actual
^
seat of the

formation of rubber. If this lining layer is

damaged (as in the early stages of br(^
bast), the synthesis of rubber ceases. See

Mia Rubber 84, 653 (1932). V.N.M.



LATEX 53

stances are also present in the particles (as assuinecl by H. Loewin)®^

has not yet been determined with certainty. This problem could prob-

ably best be settled by investigating resin-rich latices, the morphological
organization of which has apparently not yet been studied. The dif-

ficulties in connection with experiments along this line are increased by
the fact that the compounds concerned cannot be distinguished with
certainty by means of usable microchemical methods (as proven by H.
Molisch^- and others). It is rather easy to stain the contents of the

laticiferous elements by means of a solution of alkannin in ecpial parts

of glycerol, alcohol, and water. Unfortunately this dye stains not only

the rubber but also the resins and fatty oils. The method recommended
for the microchemical detection of rubber in cut sections by H. M. Hall

and T. H. Goodspeed consists of putting the sections in 95 per cent

alcohol for 5 minutes, then in boiling acetone for 15 to 30 minutes, and
finally in a Sudan Ill-glycerol solution for 18 hours. They are then
washed as quickly as possible with 50 per cent alcohol and are finally

mounted in pure glycerol. ' This method could probably also find appli-

cation in the investigation of thin films obtained by drying or coagulating

latex.

The method of E. A. Hauser"'^ for making the rubber particles visible

is also worthy of mention. The agent used by Hauser for this purpose is

Opal Blue, an aniline dye dissolved in a gelatinizing licpiid. After the

latex has been treated with the diluted and filtered dye solution, a slide

is prepared and dried in the air. The rubber particles appear white in a

blue background. As a consequence pf the gelatinous consistency of

the dye solution, complete dr3dng is not possible, and a permanent prep-

aration is obtained.

Hevea

The number of rubber particles in latex was determined by V. Henri.®®

In a sample of Hevea latex, diluted to a rubber content of 8.7 per cent,

he found 50,000,000 particles per cul^ic centimeter. For normal 35 per
cent latex this would corresj)ond to 200,000,000 particles per cubic

centimeter.

That the shape of the rubber particles may deviate from the spherical

in the case of Hevea was probalily first observed by J. H. Hart.®*" He de-

scribed the shape as being oval with one end somewhat pointed.

In latex obtained from young shoots on a 32-year old tree, T. Petch®^
found some particles with a diameter of 1 ju, and a large number having
too small a size to be measured. In the latex from the bark along the

trunk of the same tree he found particles with diameters from 0.5 to 3 fx.

Many of them were provided with ‘'tails,’' which were, in the cases of

particles 3 /x in diameter, as great as 5 /x in length and 0.5 fx in width.
From the inner bark of a tree which was similar in age but which had
not been tapped before, he obtained latex with many particles of small
size. “Tails” were common with these particles.

’^Kavtschuk, 2, 91 (1926).
Molisch, H,, “Studien iiber den Milchsaft und
Schleimsaft der Pflanzen," p. 52, G. Fischer,
1901.

**

0919)
Publ. in Botany^ 7, 214

** A., ‘‘Latex,” p. 59, Th. Stein-
hops, Dresden and Leipzig:, 1927.

«« Compt. rend., 144, 432 (1907); Caoutchouc &
gutta-percha, 3, 511 (1906).

88 Rev. cult, coloniales, 8, 85 (1901).

Fetch, T., “The Physiology and Diseases of

Hevea Brasiliensis,” p. 18, Dulan & Co., Lon-
don, 1911.
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P. Schidrowitz^® discovered that the size of the particles varies with
the age of the plant. He observed that particles with a diameter of 1 to

2 iL might be as frequent in old trees as those of 0.5 ju, in young plants.

According to W. Bobilioff,®'^ only round rubber particles with a diameter
usually less than 0.5 /a are to be found in the latex vessels of young
plants and in the young organs of older trees. On the other hand, he
differentiated between four more or less overlapping types, which are to

be found in the trunk of the tree; namely, (1) very small spheres having
diameters less than 0.5 fx, (2) spheres with diameters between 1 and 2 /x,

(3) oval or pear-shaped particles, 1.5 to 2 ju in diameter, and (4) pear-

shaped particles, with diameters from 1.5 to 3 /a and tails up to 5 ju. in

length.

These types are to be found in quite different proportions in various

trees. Upon occasion one or the other of the three types mentioned last

may be missing entirely- On the other hand, the size and shape of the

particles in the different parts of the trunk of any given tree are approxi-

mately constant. They are to be regarded as individual characteristics

of the tree. The characteristic size and shape persist in latex which has

been removed during the tapping operation, and thus form the basis of a

system of differentiating between high- and low-yielding trees.

After strips of bark had been entirely isolated from the remainder
of the bark by means of cuts penetrating completely to the cambium,
Bobilioff observed a diminution in the size of the rubber particles upon
continued tapping. The oval-shaped particles and those with tails often

disappeared completely. After a long rest period, particles having the

previous size and shape again appeared.

The observations of Bobilioff were essentially confirmed by H. Freund-
lich and E. A. Hauser, and by Hauser^^ alone. However, these inves-

tigators found egg- and pear-shaped particles to predominate in very

young trees, whereas the occurrence of those with distinctly tail-like

appendages is limited to the older trees. By means of the ^'twinkling”

phenomenon they proved that the ultramicroscopically small particles

also possess a shape deviating from the spherical. {See Fig. 21.)

Figure 21—Rubber particles

(Hcvca brasilicnsis)

.

In trees which 'were tapped again after a long rest period, Hauser
found a high proportion of large rubber particles; For several days the

average size decreased until a minimum was reached after tapping for

about eight days. Upon further tapping there was an increase again for

about eight days, after which time a uniform particle size was main-

tained.

Kolloid-Z., 4, 87 (1909).
Arch. Rubberculiuur, 3, 379 (1919).

^ Kolloid-Z., 36, (Supplementary Volume), 17
(1925).

Hauser, E. A,, “Latex/' p. 57, 59, Th. Stein-

kopff, Dresden and Leipzig, 1927 ; Kautschuk,

3, 357 (1927).
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That there exist certain particles of characteristic shape in the latex

of every tree is another interesting observation made by Hauser. This
individuality in shape permits the origin of a sample of latex to be de-

termined, provided the characteristic particle shapes of all of the trees

concerned have previously been observed. On the other hand, a char-

acteristic difference was not observed between trees with rich and poor
flows of latex, between healthy and sick trees, or between those at rest

and those being tapped.

More recently Hauser^- has observed that plants obtained by bud
grafting usually contain particles which exhibit the characteristic shape
of the mother tree. In certain cases, a shape other than that character-

istic of the mother tree predominates. Whether this latter fact is to be
attributed to the influence of the base stock on the particle shape or to a

change in the rubber particles of the bud which was grafted on, is yet

to be determined. In the case of sexual propagation the characteristic

shapes of both parents are to be observed in the latex of the resulting

plant. One individual form is usually predominant, however.
It should be mentioned finally that, according to Hauser, latices may

be divided into two distinct classes. In one, the size of the particles

deviates but slightly (from 0.5 to 1.5 /.t, for example)
;
whereas with the

other, the variation in diameter may be from 0.5 to 4 /x. Trees containing

the first-mentioned type of latex have smooth bark. On the other hand,
trees having the second type possess a ribbed bark and often show evi-

dences of disease.

No thoroughly satisfactory explanation of the shapes of the latex par-

ticles, and especially of the tails attached to some of them, is apparent.

Such shapes have so far not been observed with artificially prepared
colloid particles. That the tails could have resulted from the fusion of a

larger particle with smaller ones seems highly improbal^le, especially in

the cases of narrow extended tails.* Such cases also militate against

the assumption that the shapes resulted from division of particles by a

process resembling sprouting. It was at one time assumed that a de-

formation of the rubber particles is brought about by molecular motion.
In this connection it has been pointed out®^ that the particles with tails

exhibit a pronounced longitudinal vibration which is strongest at the

narrower end. The demonstrated constancy of the characteristic shape
makes it appear probable that the form of the latex particles is to be
traced back to complicated processes, which are greatly influenced by the

constitution of the protoplasm.
Differing opinions regarding the consistency and structure of the in-

dividual rubber particles in Hevea latex have already been expressed.®^

That of C. Beadle and H. P. Stevens®® is especially noteworthy in this

connection. These investigators assume that rubber particles, like drops
of thick oil, unite with one another. At the moment of their fusion,

«- Kautschuk, 3, 357 (1927).
* ^^^.^slator’s Note. The investigations of von
Weimarn {Bull. Chem. Soc. Japan, 3, 157
(1928)] are of interest in this connection. He
considers latex to be a polydisperse system of
ISO-aggregated particles (iso-spherulites), the
general consistency of which is fluid-gelati-
nous. He was also led to believe that the serum
constituents are present not only on the sur-
face film but also on the inside of the latex
particle and play an important role in the.
changes the iso-aggregates undergo during the

drying and other coagulating processes. More-
over, he has reported that in certain cases

some of the particles flow together. Especially

was this true when the temperature was raised

to 100® C., or when the protein film was re-

moved with a “dispergator,” such as lithium

iodide. V.N.M.
Anon., India Rubber World, 68, 703 (1923).

See Hauser, E. A., *‘Latex,” p. 65, Th. Stein-

kopff, Dresden and Leipzig, 1927.

Kolloid-Z., 13, 207 (1913).
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bodies with the shape of dumb-bells, eggs or pears are formed. These
gradually assume a spherical shape.

The experiments of Freundlich and Hauser®® have cast considerable

light on the structure of the latex particles. Use was made of the ultra-

microscope, the micromanipulator, and of photographic and cinemato-
graphic methods, during the studies made by these investigators. They
found the rubber particle to possess a thin outside layer or shell of tough
elastic material. The striking elasticity and the insolubility of the shell

in water and other solvents prove that it cannot consist of proteins. It

was also observed that the rubber particle swells considerably in benzene,

the diameter increasing to three or more times its original value. Upon
bursting the shell, they observed that the inner contents behaved as a

homogeneous fluid mass. When the swollen particle was punctured
with a mirromanipulator needle the liquid inside flowed out immediately,
while the outside skin remained on the needle. It therefore appears that

the shell must be insoluble in benzene, but so permeable to the latter that

swelling of the inner contents can take place.

A further assumption of Freundlich and Hauser is that the Hevea rubber

particle is also surrounded by a layer of adsorbed material. This layer

consists chiefly of proteins, but may also contain certain resins. They
reached this conclusion upon observing: (1) that latex gives an irregular

series with hydrogen ions, (2) that proteins, removed from the latex

by filtration, coagulate at the same pH value as does the latex, and (3)

that, when the proteins of the fresh latex are digested with trypsin, the

rubber particles fuse together more easily upon coagulation than is the

case with normal latex.

Mrs. N. Beumee-Nieuwland * [Arch. Rubbercultmir, 13 , 555 (1929)] disagrees with

the assumption made by Freundlich and Hauser as to the constitution of the layer of

adsorbed material on the surface of the rubber particle. It is her opinion that latex

consists of rubber globules, surrounded by a layer of lipoids (sterols, lecithin, esters of

sterols) and suspended in a protein emulsion.

Freundlich and Hauser also consider that they have established the

fact that the rubber hydrocarbon is in a different form when in latex

than when in crude rubber. During investigations made with the micro-

manipulator, they could observe no change in the consistency and
structure of the rubber particles in latex as long as an aqueous dispersion

medium remained present. As soon as all of the water was evaporated,

the particles could no longer be separated from one another upon the

addition of water. The inner fluid material of the particles became more
and more viscous until it finally all went over into the gel form. The
contours of the particles remained the same, the outside shells thus

functioning as a framework to a certain extent. The shells also became
considerably more solid in consistency.

Whether, in the case of Hevea, all rubber particles have the same con-

stitution is a question which cannot be answered definitely. O. de

Vries®^ considers it possible that the rubber particles from young trees

and from leaves possess a composition or a degree of polymerization
differing from those of the particles from the bark of old trees. The fact

that rubber from the former vulcanizes to give a softer product provides

some experimental evidence in favor of this assumption. The higher

KoUoid-Z., 36, (Supplementary volume), 24 * Translator’s note by H. W. G.
(1925). «Vde Vries, O., ^‘Estate Rubber,” p. 12.
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resin content of the latex from young trees may also exert some influence

on these results, however.

Manihot

It was J. H. Hart®® who first expressed the opinion that in the case of

Manihot Glasiovii, the rubber occurs in the form of small elongated rods.

The writer®® has also observed in fresh latex of this type minute spheres
and larger grainy bodies which are generally spherical in shape (Fig. 22)

.

Figure 22—Manihot Glamovii.

I. Various particles present in the latex.

II. Rubber particles agglomerated by coagulation.

Since the little rods, which are less than 1 /x in width and may be 10 ^ or

more in length, constitute the predominant material in the latex from
the older bark, and since this latex agglomerates to a compact net-

work upon being coagulated, it cannot be doubted that the rods consist

of rubber. On the other hand, the composition of the small spheres
remains undetermined. Since F. Tobler^*^ has proved that rubber is al-

ways present in the latex of young trees, although rods may be entirely

missing, it seems highly probable that the tiny spheres correspond to the
rubber particles of other rubber plants. The larger granular spheres
are colored yellow or brown by a solution of iodine. The writer has
expressed the view that they possibly represent deformed nuclei. How-
ever, after it was demonstrated by Tobler^^ that these particles are con-
tained only in the first few drops of latex flowing from a wound, it

appeared possible that they do not originate in the latex vessels at all,

but in some other part of the bark, such as the sieve-tubes. In explaining
the deficiency of rubber rods in the latex collected from young trees,

Tobler has assumed that upon the beginning of coagulation the rods are

retained in the ends of the latex vessels more readily than are the rubber
spheres. The investigations of Tobler do not disclose the conditions
which must exist before the rubber rods are released.

According to Freundlich and Hauser,^^ who did not concern them-
selves with the spheres, the rubber rods consist of extremely tough,
tacky, homogeneous material. By suitable manipulation the rods can
easily be made to unite to form masses lacking in uniformity. There is

no evidence of any adsorption layer around the. rods. Freundlich and
Hauser assume furthermore that, upon coagulation or evaporation, the

individual particles come together without definite orientation. As they
come into closer contact, they fuse into a homogeneous mass which
gradually solidifies and takes on the characteristics of crude rubber.

Rev. cult, coloniales, 8, 81 (1901).

See Ziramermann, A., “Der Manihot-Kaut-

schuk,’* p. 133, G. Fischer, 1913.

Jahrb. iviss. Botan., 54, 293 (1913).
Ibid., 54, 291 (1913).

’2 Kolloid-Z., 36 (Supplementary volume),
(1925).
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Castilloa

According to J. H. Hart/^ the rubber particles in Castilloa latex vary
greatly in size. E. Fickendey mentions 2 to 3 /x as the diameter of the
particles.

According to C. O. Weber/® the rubber particles are surrounded by a
shell having usually a smaller optical refractive power than the rubber
itself. The behavior of this shell towards an iodine solution indicates

that it consists of proteins. From its insolubility in alcohol, the conclu-
sion is drawn that it is not composed of resinous compounds. Freundlich
and Hauser also concluded, from their investigations, that the Castilloa

rubber particles are surrounded by a layer which protects them to such
an extent that no flattening is to be observed when individual particles

come together.

Upon observing under the microscope that pressure on the cover glass

resulted in bursting the large rubber particles and allowing their con-
tents to flow out, Weber concluded that the particles possess a liquid

consistency. C. Beadle and H. P. Stevens^^ observed, moreover, that

fusion takes place upon pressing the particles together. Freundlich and
Hauser also concurred in the belief that the particles have a fluid con-

sistency.

The investigations of R. Ditmar,”® A. W. K. de Jong and W. R. Tromp
de Haas,"^^ C. Harries, and W. Esch and A. Chwolles®^ cast considerable

doubt on Weber’s assumption that polymerization of the rubber occurs
when it goes over from the liquid to the solid state of aggregation.

Ficus

The diameters of the rubber particles in the latex of Ficus elastica vary

from 2 to 3 jtx, according to E. Fickendey.®- Freundlich and Hauser
measured some with diameters of. 5 /x, however. (Fig. 23.) Beadle and

Figure 23—Rubber particles of Ficus elastica.

I. From fresh latex.

II and III. During and after the evapora-
tion of the coagulating agent. (Cour-

tesy of E. A. Hauser.)

Stevens®^ reported that upon standing the small rubber particles grad-

ually disappear by uniting into agglomerates of various sizes. The par-

ticles have more the appearance of an oily liquid than of solid bodies.

Freundlich and Hauser stated that the particles are entirely liquid and

are not surrounded by a solid shell. The presence of a thin adsorption

layer, probably consisting of resins, can be recognized on the larger

particles by using the ultramicroscope.

•3 Rev. cult, coloniales, 8 , 8S (1901). « Ber., 37 , 3301 (1904).
Tropenpflanser, 13 , 205 (1909). Gummi-Ztg., 24, 850 (1910).
Gummi-Ztg., 19, 101 (1904). Ihid., 19 , 165 (1904).

‘® Kolloid-Z., 36 (Supplementary volume), 29 ^ Tropenpflanser, 13, 205 (1909).
(1925). ^ Kolloid-Z.f 36 (Supplementary volume), 28

^ KoUoid-Z., 13, 214 (1913). (1925).
Chem.-Ztg., 29, 175 (1905). « Ibid., 13. 209 (1913).
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Kickxia

The rubber particles of Kickxia clastica possess diameters of only 0.5 fx

(or sometimes less), according to E. Fickendey.®® Hauser®® states that

the latex contains particles for the most part of ultramicroscopic size.

Those visible in the light field exhibit a marked pear shape with short
appendages. Fickendey®'^ noticed that the individual particles flow to-

gether upon coagulation of the latex. He observed, moreover, that the
particles seldom unite to form spherical aggregates, but generally remain
as extended agglomerates, often with a constriction in the middle.

Mascarenhasia

In the case of Mascarenhasia clastica, wounds in the leaves or stems of

young trees may lead to the flow either of a clear juice or of a very milky
liquid. In fact, both may flow simultaneously from different parts of the

same tree. On the other hand, normal latex is always obtained from the

bark of older trees upon tapping. The colorless juice contains protein

and rubber-like substances, according to F. Tobler.®® He also found
present ‘'shining grains’" (“glanzende oder spanformige Korner”), which
were up to 15 jn in length and 5 fx in width, and which could be colored

red with alkannin. Whether these consist of rubber, as Tobler assumed,
is still to be proved. No exact investigations of the composition of the

normal latex appear to have been made.

Physical Ih^oPERTiES of Latex

Colloidal Character. Fresh latex is a complex system in which serum
forms the dispersing medium and rubber particles the dispersed phase.

The serum is not, however, a simple solution, as proteins may be colloid-

ally dissolved in it.

There has been much dispute concerning the group of colloidal systems
to which latex shall be assigned. It was placed in the emulsoid class

by A.,T. Borrowman®® and in the suspensoid by F. Kirchhof.®® Accord-
ing to microscopic investigations made on the rubber particle, many of

which show the particle to possess a liquid and others at least a very
viscous consistency (see p. 55 and following), the assumption that latex

should receive a place between the emulsoid and suspensoid classes ap-
pears correct.

Latex was placed first in the hydrophilic or lyophilic, and then in the

hydrophobic or lyophobic class. When it is considered that the coagulum
obtained from latex is very rich in water and corresponds to a gel result-

ing from a hydrophilic sol it may seem correct to assign latex to the

hydrophilic class. Since, in coagulation, the surrounding adsorption
layer and not the rubber particles themselves often play the leading role,

and since the rubber particles are able to take up or hold only a small
amount of water, it is more correct to designate latex (as does P. Scholz®^)
as a hydrophobic sol protected by protein.

“ Tropenpflanzer, 13, 205 (1909). ‘Rubber Industry,” (ed. by J. Torrey and A.
“ Hauser, E. A., “Latex,” p. 88, Th. Stein- S. Manders), The International and Allied

kopff, Dresden and Leipzig. 1927. Trades Exhibition, Ltd., London, p. 243, 1911
KoUkd-Z., 8, 46 (1910 Kolloid-Z,. 35, 367 (1924).
Jahrb. wiss. Botan,, 54, 275 (1914).' Kautschuk, 4, 5 (1928),
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The rubber particles in fresh latex exhibit a very energetic Brownian
motion, which, as will be thoroughly discussed in the section on coagu>
lation, can be stopped by different reagents.

As was first proved by V. Henri/^ with preserved and dialyzed

Hevea latex, the rubber particles migrate to the positive pole upon passage

of an electrical current through the latex. They are, therefore, negatively

charged. The same is also true for the rubber particles of Kickxia, accord-

ing to D. Spence®^ and P. Schidrowitz.^^

Surface Activity. According to the investigations of E. A. Hauser and
P. Scholz,°® Hevea latex contains a very strongly surface-active material

which lowers the surface tension of the solvent almost as much as ordi-

nary soap. The value for surface tension decreases with increasing

dilution until a minimum is reached at 1/64 of the original concentration.

Then it rises again, but even at a concentration of 0.05 per cent a notice-

able effect is to be observed. In latex preserved with ammonia, a lower-

ing of the surface tension and accordingly an increase of the surface

activity was found to have occurred. A surface-active substance was to

be detected in the serum remaining after the coagulation.

Specific gravity. The specific gravity of latex is diminished by the

rubber particles contained in it but increased by the dissolved material.

According to O. de Vries,®® the average specific gravity of the rubber
particle is 0.914 and that of the serum is 1.020. The specific gravity of

fresh Hevea latex usually varies between 0.978 and 0.987. It can amount to

about 1 only in latex with a very small rubber content. In latex having

a rubber content of but 16 per cent (obtained from a tree which had been
strongly tapped), de Vries found the specific gravity to be 1.0002. On
the other hand, P. van Romburgh found a specific gravity of 0.966 for

latex which contained 48 per cent of rubber, and G. Vernet stated that

some latices have a specific gravity of only 0.9555.

According to A. Moulay,®® the latex of Manihot Glaziovii has a specific

gravity of 1.02 to 1.03. P. van Romburgh states that its specific gravity

I

is 1.021 at 27° C. With Ficits elastica, the specific gravity of the fresh latex

varies between 0.957 and 0.985, and is lowest in rubber-rich latex, accord-

ing to P. van Romburgh. The same author observed values lying between

0.994 and 1.009 in the case of Casfilloa. The specific gravity of Kickxia

latex was stated by E. Fickendey to be from 0.979 to 0.988 and by D.

Spence^®® to be 0.990, The latices of Euphorbia Cyparissias and E. platy-

phylla, which contain little rubber, were found by A. Weiss and J. WiesneP®^
to have specific gravities varying from 1.0449 to 1.0468.

In practice, specific gravity determinations are very frequently used

for rapid and sufficiently accurate estimations of the rubber content of

latices {see p. 110). Various instruments (latexometer and metrolac,

among others) are used for this purpose. Their use and the resulting

sources of error were described by O. de Vries’-®^ and E. A. Hauser.^®®
See ^‘Lectures on India Rubber,” edited by
D. Spence, p. 203, 1909.

^Kolloid-Z., 4, 204 (1909).
Schidrowitz, P., ‘‘Rubber,” p. 116, Methuen
& Co., London, 1911.

«« Kautschuk, 3, 332 (1927).
de Vries, O,, “Estate Rubber,” p. 39.

MededeeL uifs Lands Plantentuin, 39, 94
(1900).
Lucien Morisse, “Le latex; sow utilisation
directe dans Findustrie” p. 566, H. Challamel,
Paris, 1908.

Uagr. prat., 5, 368 (1905).

Mededeel. uit’s Lands Plantentuin, 39, 102

(1900).

Tropenpflanser, 13, 203 (1909).
102 Chem. Zentr., 79, I, 842 (1908).
^^Botan. Ztg., 19, 41 (1861) and 20, 124

(1862).
Arch. Rubbercnltuur, 3, 183 (1919) and “Es-

tate Rubber,” p. 113.
^0® “Latex,” p, 75, Th. Steinkopff, Dresden and

Leipzig, 1927.
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Viscosity. The viscosity of freshly obtained latex has been investi-

gated repeatedly. It was shown by O. de Vries^*^® that, as a consequence

of the formation of floes and the occurrence of decompositions, these
determinations are affected by errors of observation to a greater extent

than is the estimation of the viscosity of benzene solutions of rubber.

This also holds true for ammonia-preserved latex, although more re-

liable results are obtained with it than with fresh latex or latex diluted

with water.

Physiology of Latex

Origin of the Rubber. It is very probable that rubber is formed in the

laticiferous elements, since it has not as yet been possible to detect it in

other cells, especially in the parenchyma cells surrounding the laticifer-

ous elements. Furthermore, since a living protoplast is present in the

laticiferous element, even after the complete development of the latter,

the possibility exists that the rubber-forming processes take place in the

protoplast. In which organ of the plant the rubber is formed is a ques-

tion still to be answered. A view which has been expressed repeatedly

is that the formation of rubber stands in direct relation to the rate of

assimilation by the green cells, and that the rubber is formed exclusively

in the leaves, from which it moves to the non-assimilating (non-photo-

synthetic) parts, especially to the trunk and the roots. If this view is

correct a very energetic movement of material must take place (espe-

cially in large trees), since diffusion and osmosis cannot come into

question as the moving forces. Protoplasmic streaming, according to

the few observations which have been made on the motion taking place

in the latex vessels, is also not sufficient to explain such a rapid trans-

portation of material.

It was shown by R. H. Lock^^^ that the latex contained in the trunk

is usually richer in rubber than that occurring in the leaves. W. Bobili-

off^^® found also that a new formation of rubber can take place in a

strip of bark which is completely isolated from the bark of the upper
trunk by a channel cut through to the cambium. Finally it was deter-

mined^^® that the formation of latex likewise takes place in stumps and
beneath the rings of ringed trees. Therefore it must be regarded as

proved that rubber can be formed even in non-photosynthetic organs. At
j

least it is very probable that rubber is naturally formed where new|
laticiferous elements are found, provided the necessary raw materials'!

are present in sufficient amounts. Various authors have even connected

the formation of rubber with the disappearance of carbohydrate con-

tained in the storage tissues of the wood and bark. However, this dis-

appearance is probably occasioned primarily by the effect of the tapping

wound in interrupting the conducting channels in the bark and by the

necessity for restoring the cortical tissues on the tapped surface. That
rubber is formed directly from the carbohydrate, as was assumed by C.

Harries,^^® cannot yet be regarded as certain. In any case, it does not

appear impossible. that the rubber in the living plant is formed as a com-
pound of complex structure and is a decomposition product of the

Arch. Rubbercultuurj 23, 409 (1923).

“^Lock, R. H., “Rubber and Rubber Planting,”

p. 69, Cambridge, 1913.

Arch. Rubbercultuur, 3, 392 (1919).
Arch. Rubbercultuur, 2, 289 (1918) and 4,

227 (1920).
48, 1198 (1915).
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metabolism. In this connection, D. Spence^^^ expressed the opinion that
perhaps the resinous compounds occurring in the latex represent a by-
product of or an intermediate stage in the decomposition of the rubber
in the plant. As far as the present author knows, no proof of this

assumption has appeared.

Function of the Latex. Various authors have ascribed to the latex

vessels and tubes the function of substituting for or assisting the sieve-

tubes and the conducting parenchyma in the transportation of the plastic

foodstuff of the plant, especially the proteins and carbohydrates. How-
ever, it was reported by H. Kniep^^^ that the results of previous investi-

gations do not particularly support the assumption that the laticiferous

ducts play any important part in the transportation of foodstuffs.

That the laticiferous elements serve as reserve storerooms for proteins,

carbohydrates, or fats is another view which has often been expressed.

According to the investigations of M. Treub,^^® S. Schullerus,^^^ and C.

Bernard,^^® it can be regarded as a known fact that the starch granules

occurring in the latices of many species of Euphorbia are dissolved when
assimilation is inhibited for a long time. An appreciable decrease of the

latex starch did not take place in various cases until the starch in the

surrounding parenchyma had already been completely dissolved, accord-

ing to H. Kniep.^^® The investigations of D. Bruschi^^^ and F. Tob-
ler,^^® from which it was concluded that the fats, proteins, and other

constituents of the latex are consumed within the plant, may be given

another interpretation. It appears doubtful whether such materials are

ever consumed in considerable quantity during the normal development
of the plant. They are perhaps used only in the metabolism of the lati-

ciferous elements or serve for the nutrition of other tissues.^^^ A. Onken^^^

sought to prove that the laticiferous elements of many plants serve as

j

storehouses in which the lime separated during metabolism is made
' harmless. Such a function could be possible only in a limited number
of species.

At the present time it cannot yet be regarded as proved that the rubber

contained in the laticiferous elements again finds use in the metabolism
of the plant. After C. Harries had come to the conclusion that the rub-

ber hydrocarbon stands in close relation to the carbohydrate, the view

that carbohydrates can again be regenerated from rubber in the living

plant was offered by R. Ditmar^^^ and D. Spence.^^^ P. Schidrowitz^^^

expressed the idea that perhaps the resinous bodies, especially those

accompanying tackiness of the rubber, can play a role in the regeneration

of the rubber to assimilable material. Exact physiological experiments,

leading to results which speak for the correctness of these assumptions,

do not as yet appear to have been made.

“Lectures on India Rubber,” p. 194, 1909.
Flora, 94, 129 (1905) and “Rubber Recueil,”
63.
Ann. de lUnst. hoi. de Buitenzorg, 3, 37
(1883).
Verhandl. d. Botan. Vereins d. Provinz
Brandenburg, 24, 26 (1882).
Ann. jard. hot. Buitenzorg (supplement'), 3,
235 (1910).
Flora, 94, 151 (1905).
Ann. di botanica, 7, 671 (1909).

Jahrb. wiss, Botan., 54, 265 (1914).
See also W. Bobilioflf in Arch. Rubbercultnur,
2, 293 (1918).

^^Bot. Archiv., 2, 281 (1922).
Ditmar, R., “Die Analyse des Kautschuks,
der Guttapercha, der Balata und ihrer

Zusatze,” p. 36, Vienna, Leipzig, 1909.
“Lectures on India Rubber,” edited by B.

Spence, p. 199, 1909.
Schidrowitz, P., “Rubber,” p. 171, Methuen &
Co., London, 1911.



LATEX 63

According to J. Parkin/"'^ W. G. Freeman, P. Olsson-Seffer/^® and
E. Fickendey/^'^ the laticiferous element serves as a water reservoir.

However, confirmation of this assumption as a consequence of exact
experiments has not been obtained. On the other hand, it was observed
by W. Bobilioff that the water content of latex in the fruit of the
Hevea tree decreased only slightly upon interruption of the water supply and
continuation of transpiration. On the basis of the foregoing assumption
it would also be difiScuIt to understand why such large amounts of rubber,
resins, proteins, etc. are contained in many latices.

E. StahP^® was the first to express the view that latex serves as a pro-
tective agent against animal feeding. Pie assumed that as soon as a
plant is bitten by a small animal the latex passes from the opening in

the affected part into the mouth of the attacker and tends to discourage
him from further feeding. PI. Kniep mentioned several experiments
in which it was found that many plants are not attacked by snails as

long as they contain latex. Ife observed that various species of Euphorbia,
which are spared by snails under normal conditions, are eagerly con-
sumed when the latex is exhausted by repeated tapping. He made
similar observations on numerous other plants when he washed out the

latex contained in leaves by repeated soaking in fresh water. It was
proved by F. Tobler,^^^ that many latex-containing leaves are attacked

by snails in the tropics. In the case of Mascarcnhasia elastica, however,

he was able to confirm the observation of Kniep that the snails disdained

the leaves containing latex but ate the ones which were free from latex.

Some observations indicating that latex can protect the plant contain-

ing it from attack by insects have also been made. Thus P. Wurth^*^
found that bark beetles when placed on living Hevea and Kickxia twigs,

were hindered from penetrating by the latex flow caused by the attack,

and were usually stuck fast, as in a trap. It was further stated by R. H.
Lock that bark containing no latex (as a consequence of disease or

other causes) was attacked at once by boring insects, which seldom or

never tasted bark rich in latex.

The view that latex serves exclusively for wound protection, and
functions primarily by hindering the penetration of bacteria and air into

the tissues of the plant was first offered by H. de Vries.^®^ H. Kniep^^®

and others have observed, however, that various latex-bearing plants

close their wounds against the atmosphere by the formation of wound-
cork (just as do plants containing no latex). The latex at best may only

serve to close the wound temporarily ;
and even for this purpose it ap-

pears to be unsuited, since protein-rich latex putrefies readily and is

subject to attack by bacteria and fungi as long as it is not completely
dry. It was also proved by C. Bernard^^® that when latex is left on the

wound in a Castilloa or Hevea tree, the healing of the wound is slowed
up and the danger of infection increased. Accordiiig to Koketsu,^®^ pro-

tection from infection by fungi is provided by latex in the case of wounds

^^Roy. Botan. Card. Ceylon, Circ., Ser. 1 ,

114 (1899).
^Gummi-Ztg., 22, 1123 (1908).

Agr. Bull, Str. Federated Malay States, 20
(1907).

^ Tropenpflaneer, 14, 481 (1910).
^Arch. Rubbercultuur, 5, 367 (1921).

E., “Pflanzen und ScBnecieii,” G.
Fischer, Jena, 1§§8.

Flora, 94, 185 (1905).
Ber. deut, botan. Ges., 31, 617 (1913).
Cultuur gids, 73 (1908).
Lock, R. H., “Rubber and Rubber Planting,”

p. 52, Cambridge, 1913.
^^*^Landw. Jahrb., 10, 687 (1881).

Flora, 94, 183 (1906).
Ann. jard. hot. Buitensorg (Supplement),

259 (1910).
'

Botan. Mag., 27, 133 (1913^
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in Ficus erecta. He found the wounds covered with latex to be free from
fungi, whereas those not covered with, latex were infected.

Methods of Separating Rubber from the Plants

There are three different methods for the separation of rubber from
the plants. In the first, which will be designated as the direct method,
the rubber plants or parts of rubber plants are collected, and the com-
mercial rubber is obtained directly from them by extraction or by
mechanical means. In both of the other methods, the rubber plants are

wounded in some way, and the commercial rubber is manufactured from
the latex which flows from them. In these latter methods a distinction

is to be drawn between that involving the removal of the latex from a

felled tree and that in which the latex is obtained by tapping and the

productivity of the tree is not impaired- In both methods, latex can

either be collected in liquid form or coagulated directly on the tree.

The Direct Method of Obtaining Rubber

The direct method is always used with those species of plants in which
the rubber is inclosed within a cell from which the latex can flow only

when that particular cell is cut. Of these plants only the guayule shrub
{Parthennmi argentatum), from which considerable amounts of rubber are

produced in southern Mexico, is important. These shrubs, which may
be up to a meter in height, contain rubber in almost all parts, but espe-

cially in the stalks and root bark. The rubber was at first isolated by
extraction from the collected plants after previous drying and pulver-

izing. Mechanical contrivances appear to have found more use lately.

According to F. E. Lloyd, the plant material is first ground between
rolls rotating at an uneven speed and is then further pulverized in a

pebble-mill, water being added in the process. The pulp so obtained is

decanted in large tanks, in which the largest part of the non-rubber
residue sinks while the rubber rises. The latter is, however, contami-

nated with air-containing scraps of wood and similar material, and is

therefore subjected under water to a pressure of about 225 pounds. It is

then further purified in a beater-washer. Finally it is pressed between
smooth rolls and is then ready for shipping. It was also recommended
that the bagasse obtained by grinding the plant be boiled in a solution

of sodium hydroxide (1 to 2 per cent) in order to facilitate the isolation

of the rubber and to saponify the resins partly. The resin content of the

product is thus decreased from 20 per cent to 17 or 18 per cent. In

guayule production still other methods, partly secret, appear to be used.

According to D. Spence and C. E. Bone,^^^ it is of advantage to the

quality of the rubber if the harvested bushes are stored for a long time

before further working. The storage causes certain changes to take

place in the rubber. According to the statement of the previously named
authors, rubber produced in this manner and extracted with acetone is

comparable with Hevea rubber. It is also characterized by the ease with

which compounding ingredients can be incorporated in it.

Lloyd, F. E., “Guayule; A Rubber Riant of Gummi-Zig., 42, 857 (1928) and Spence, D.

tbe Chihuahuan Desert/’ p. 9, Carnegie In- and Bone, C. E., Tech. Papers, Bur. Stand-

stitution of Washington, 1911. ards No. 353, (1927).
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The direct method of obtaining rubber is also used with such plants

as contain the rubber preponderantly in the roots or underground root
stock or which have such small dimensions that tapping is not profitable.

To this class belong especially the various species of Apocynaceae which
yield the so-called root or herb rubber. They are found particularly
abundantly in the dry parts of Angola. According to H. Baum,^*® the
first step in the method of separation used by the natives of Angola is to
soak the roots (Fig. 24) in order to make the bast soft and tender (so

Figure 24—Rhizomes bound

into a bundle.

(Courtesy of H. Baum.)

that it can be thoroug-hly disintegrated by later beating). The roots are
then dried in the snn and cut into pieces 30 to 40 cm. long. The rubber
clumps found on the ends of the roots are detached and separated from
the remainder of the rubber to form a commercial grade which is mixed
with considerable sand. The pieces of root are beaten on a board to re-
move the bark from the wood. The pieces of bark are then beaten on a
board with a wooden hammer until they have assumed the form of cakes.
{See Fig. 25.) As soon as the greatest part of the bark is removed,
these cakes are boiled and then thoroughly beaten with clubs. The
cakes are then cut into square pieces, placed in boiling water, and are,
while still hot, formed into the round strips (of the size of the finger or
thumb) which are designated in the trade as Matali.

H., “Kunene-Sambesi-Expedition,” p. 100, Kolonialw- Komitee, Berlin, 1903.
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According to H. Jumelle/"^^ rubber is obtained by the natives in a

similar manner from the bark of the trunk and roots of the Mascarenhasia

lisianthiflora in Madagascar. The process of LeembruggeiT^" for obtaining

rubber from the Willughhya firma vine in Sumatra consisted of dipping the

cut stem in boiling water and isolating the rubber mechanically from the

separated bark.

Figure 25—Production of a rubber

cake by hammering.

(Courtesy of H. Baum.)

A somewhat similar method* is used in obtaining the rubber froin the roots of the

tau-sagyz plant, the cultivation of which is expected to provide Soviet Russia with a

rubber supply of some magnitude. It is reported that the roots of this plant need merely

be dried and then run through a primitive flour mill in order to separate the rubber.

As an alternative method, the plant can be soaked in water and the fibers are thereby
' separated from the rubber. [5’^c U, S. Dept, Commerce, Bur. Foreign and Domestic

Commerce, Special Circ, Nos. 3313 and 3359 (1932)].

According to E. de Wildeman and L. Gentil/^^ successful attempts

have been made to replace hand work by mechanical arrangements in the

production of rubber from rhizomes in the Congo region. P. Schidro-
^yitziii reports that a machine constructed by Guignet is used for this

purpose in Madagascar.
Repeated attempts have been made to obtain rubber from the bark,

leaves or young sprouts of the trees from which rubber is usually ob-

tained by tapping of the trunk. It has been stated that 8 per cent of

good rubber could be obtained from one-year old Castilloa plants and that

by the use of this method a profit of 2000 to 4000 marks per hectare could

be obtained. According to H. G. Granger/^^ rubber has been produced

in Colombia from the leaves of Manihot Glaziovii trees with the help of a

small hand-operated mangle from Squires & Co. of Buffalo.

Although it does not appear improbable that rubber can be produced

by mechanical working more profitably than by the customary process

“Rubber Recueil/’ 38.

Teysmannia, 353 (1899).

Translator’s note by V. N. M.
Wildqma^i, and Gentil, I “Les liases

caoutchoutiferes de I’fitat Independant du

Congo,” p. 147, Brussels, 1904.
Schidrowitz, P. ^‘Rubber,” p. 114, Methuen
& Co., London, 1911-
India Rubber World, 17, 112 (1906),
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through lessening of the cost due to hand work, consideration must still

be given to the fact that the rubber present in the leaves and in the bark
of the young branches of many species is of very low quality, even
though excellent rubber is to be found in the bark of older trunks. More-
over, relatively little rubber is present in the bark of the best rubber-
yielding trees {Hevea and Manihot), and it is only by the formation of new
rubber, as a consequence of tapping, that these trees maintain such high
yields. According to J. Parkin,^^® the latex which flows from the leaves

and young shoots of Castilloa trees grown in Ceylon contains resins and other

substances, but no, or only very little, rubber. A darker rubber of good
quality has been isolated by P. van Romburgh^^'^ from the bark of 14-year-

old Castilloa trees in Buitenzorg. The amount of rubber obtained, however,

was only 4 per cent of the amount of dry bark. A. J. Ultee^^s obtained 2.22

to 3.03 per cent of air-dried material (low quality rubber) from pulverized

leaves of Ficus elastica. Research conducted on Manihot GlaMovii gave few
encouraging results.

P. Alexander and K. Bing^^^ were able to extract with benzene only
1.4 per cent of the dry substance (half of which was soluble in acetone)
from the bark of %-year old Manihot Glaziovii trees. The remaining half

of the material was probably impure rubber.

AIethod of Obtaining Latex from F'elled Plants

The collection of latex from felled trees is a method frequently used
by the natives, since the greatest possible yield of wdld rubber is thus
obtained in the shortest possible time. The yield capacity of the trees

is naturally more or less completely destroyed for a long time. Even
when new shoots grow out of the stumps of the felled trees they are

usually choked by the thick forest, and even in the most favorable cases

a long time will be required before they are sufficiently grown to be
tapped again.

This method of tapping is used in Brazil and adjacent countries, espe-

cially with Castilloa, The trees are cut down close above the earth, and then

cuts extending to the wood (and usually ring-shaped on the trunk) are

made, first on the boughs and then on the trunk. The latex flowing out
is collected in gourds or tin cups. According to P. Preuss,^^^ the trees

in Peru are sometimes tapped twice in this manner by placing new rings

between the first ones two to four weeks after the first tapping. By this

procedure about half as much rubber may be obtained as on the first tap-

ping. In Central America, also, Castilloa trees are frequently felled for the

production of rubber. Certain rubber-yielding species of Sapium in South
America are usually also cut down for this purpose. In Ecuador, according
to P. Preuss,^^^ they are tapped two or three weeks after felling the first

time, and after a further two to three weeks are tapped the second time. R.

Henriques stated further that the wild rubber trees in Africa (such as

^tKickxia elastica of Cameroons and from the vicinity of Lagos) are felled

by natives to obtain the rubber, and the latex is obtained from ring-formed

^^Roy.Bot, Card. Ceylon, Circ., 1, 117 (1899). Preuss, P., “Expedition nach Central- u.

van Romburgh, P., “Les plantes a caoutchouc Sudamerika/’ p. 379, Berlin Kolonialw.

et i gutta-percha,” p. 80, Batavia, 1903. 384^^’
Cultuur gids, 1, 893 (1910). i®* Henriques, R., “Der Kautschuk und seine
Tropenpflanzer, 12, 65 (1908). Quellen,” p. 19, Dresden, 1899,



68 BOTANY, COLLECTION AND PREPARATION OF RUBBER

channels cut in the trunk. Rubber is obtained in a similar manner in Mada-
gascar from Mascare7iJiasia arborescens, according to H. Jumelle/^^ and from

Ficus Supfiana, according to R. Schlechter.^^^ (See Fig. 26.)

Figure 26—Rubber production from Ficus Supfiana.

(Courtesy of R. Schlechter.)

Rubber is obtained from vines in Africa in a somewhat different manner.

According to A. Chevalier/® ® the vines are cut down as close as possible to

the earth and cut into pieces 15 to 20 cm. long. The latex flowing from

the cuts is collected after it coagulates. The stump very quickly puts forth

new vines. It is reported that in Togo the vines are left standing during the

first tappings and are only felled when they give a small yield. They are

then cut to pieces to obtain the remainder of the rubber.

According to the statement of H. Semler/®® Asiatic vines are usually

felled for the production of rubber. Rubber is obtained, especially from the

Willughhya firma, by cutting the stem into pieces a few centimeters to 1

meter in length and placing the portions on a piece of wood over a large

vessel in which the drops of latex are collected. When the flow almost stops,

it is again stimulated by lighting a fire around the vessel.

Methods of Tapping the Rubber Plants

Of the various methods of tapping rubber trees, that which, with a similar

amount of work, yields the greatest amount of good rubber over a longer

period of time, and which damages the tree the least (so that the plantation

will remain productive the greatest possible length of time) is in general to

•3 “Rubber Recueil,” 38. ^^Vagr. prat., 3, 64 (1908).
Schlechter, R., “Gutta-Percha und Kautschuk Die tropische Agrikultur II, Aufl. Wismar,
Expedition,” p. 133, 1911 . 2, 715 (1900).
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be designated as the most rational, the size of the yield naturally depends
to a large degree upon the form, dimensions and direction of the tapping
wounds. These factors can also be of influence upon the amount of latex

which can be obtained in a liquid form and free from impurities. The
desirability of a tapping method depends on how often it can be used over

a long period of time (about a year) without the tapping becoming un-
profitable or the quality of the resulting product becoming impaired. With
regard to tapping cost, preference must generally be given to a method which
with a smaller number of tappings gives a yield as large as or larger than
any other. Still other circumstances are to be considered in tapping. It is

necessary to determine at what age the tree yields good rub1)er and affords

a profitable rubber production. The current price of rubber naturally plays

an important role in this connection. The time of year in which the tapping
takes place can also be of influence upon the size of the yield. Since various
kinds of rubber plants act very differently upon being tapped, it must be
understood that the same method is not used for all species. Moreover,
quite different methods may be used for the same species in different coun-
tries. Before describing these methods, the physiological processes which
occur upon tapping of the rub])er plants and the influence these processes
exert upon the vitality of the plants will he discussed in some detail. In
order to make possible an understanding of the processes taking place upon
the flow of latex,, a survey of the forces acting in connection with these
processes is to be presented. Following this, an explanation of the various
tapping methods used in practice is to be given.

Physiology o£ Latex Flow

The flow of latex is caused on the one hand by the hydrostatic pressure
prevailing in the uninjured laticiferous ducts and on the other by the pres-
sure exerted by the surrounding tissues upon the contents of the ducts. As
the author^®’’ proved bj an accurate analysis of the pertinent factors, the
hydrostatic pressure of the laticiferous ducts is greater, the greater is the
osmotic concentration of the latex. This latter corresponds to a pressure of
10 to 12 atmospheres, according to the results of previously conducted ex-
periments. Moreover, the greater the pressure is in the tracheal system, the
more latex must flow out. This pressure becomes smaller or may even be-
come negative when intensive transpiration takes place, and so it is under-
standable that in general less latex flows from living, transpiring plants than
from those in which the absorption of water exceeds the transpiration. More-
over, the flow of latex must be aided by the bark-pressure and the weight
of the water column present in the laticiferous ducts. It can also be proved
that a dilution of the latex must take place upon wounding the duct and
thereby disturbing the osmotic equilibrium. The dilution takes place more
quickly, the greater the pressure is in the tracheal system, and more slowly,
the more the transpiration exceeds the absorption.
The nature of the channel traversed also influences the productiveness of

the latex flow. The narrower are the laticiferous ducts, the greater is the
resistance to flow which must be overcome. The reason for the relatively
large flow of latex upon first wounding the bark of a Castilloa tree (which
contains relatively wide latex tubes) is thus understandable.

^^Kantschuk, 3, 95, 147 (1927). See also W. H. Arisz, Arch. Rubbercultuur, 12, 220 (1928).
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a short time the strips can be wound up (see Fig. 27). The coagulants used

are discussed in a later section. In regard to the technic of the Lewa method,

it may be mentioned that the cuts are about 1 cm. in width. It is preferable

to have them run horizontally. Various areas (5 to 10 cm. wide and 30 to

40 cm. long) distributed over the trunk and larger branches of the tree are

tapped by means of the small cuts just described. The coagulated rubber

is easily removed from the bark (as long as it is not yet dry), and is usually

rolled into more or less large balls. The strips of rubber are often rolled on

wooden sticks of some 0.5 m. length and 5 to 6 cm. thickness or on wooden

rolls of about 5 to 6 cm. diameter. When cut off from these wooden de-

vices, the rubber can be readily separated into individual sheets. Purifica-

tion of these sheets on the washing rolls is easily accomplished.

Figure 27— Four-year-old Manihot

Glasiovii trunk tapped according to

the Lewa Method.

According to P. van Romburgh/®" the Ficus elastica of eastern Asia is

usually tapped by horizontal or slanting hatchet cuts, which are of different

length, but which (in order to preserve the tree) must not be over 10 to 20

cm. long. The latex coagulated on the bark is scraped off after it has dried,

while the latex which flows out is collected on large leaves or pieces of metal

sheet.

According to E. de Wildeman and L. Gentil,^^'^ vine rubber is obtained in

Belgian Congo by means of horizontal cuts which do not occupy more than

a third of the circumference of the trunk and which are separated from each

other by a distance of almost 20 cm. The rubber, which coagulates spon-

taneously on the bark after the tree is wounded in this manner in the morn-

ing, is collected in the afternoon or the following morning. It is then rolled

Mededeel, uit’s Lands Plantentuin, 39, SI iM Wildeman, E. and Gentil, L., *‘Lianp^

caoutchoutiferes de I’fitat Independ^t du

Congo,” p. 151, Brussels, 1904.(1900).
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around a small stick to a spindle-like shape, or is rolled into balls. Some-

times it is cut into cubes or irregularly shaped pieces (thimbles).

Tapping by Means of Channels

In order to facilitate the collection of latex, small cuts, in the form of

channels, are often made on the trunk. Tapping knives of various forms

are used for this purpose. It is necessary that these instruments be provided

with iron strips on the sides to prevent too deep penetration into the bark.

At the suggestion of D. Sandmann, such instruments were patterned after

a model made by C Schlieper in Amani.^

According to C. O. Weber, ^ the tapping of Castilloa trees in Colombia is

accomplished by making wedge-shaped channels in the l)ark of the trunk

with a heavy knife, 50 cm. long. This method cannot be considered to be

a desirable one, however.

According to R. Henricpies,’*^^* troughs, which reach to the top of the tree,

are cut on the stem and Imanches of Kickxia trees in the vicinity of Lagos.

These channels empty into a main trough on the stem (which latter in turn

reaches to the base of the trunk). The latex flows down these troughs and
can be collected in a vessel fastened to the lower end of the main channel.

H. Bucher recommended that Kickxia trees be tapped by means of two
channels which run in the direction of the trunk and which are sepatated by

two hand-breadths from each other.

Manihot piauhiensis

,

the short trunk of which is covered with hard bark,

cannot be satisfactorily tapped l)y the usual methods. According to E. Ule,^®®

this species is tapped just al)ove the roots. A cavity is first made at the

base of the trunk by removing the earth, and above this cavity (near the

crown of the roots) the hark is removed with a knife, which is rounded or

crumpled at the point. The latex flows into the hole and coagulates. The
cake of rubber formed can be removed after two or three days. Since the

rubber thus obtained is very much contaminated with sand, the surface of

the hole is frequently pre-coated with a thin layer of soil, that from white

ant hills being particularly suitable. The soil is easily washed from the

small cakes and a reasonably pure product is obtained. After a short time,

the tree can again be tapped in the same manner. In fact, no harm results

from tapping it on the same side again. One man is able to tap 200 trees

in this manner, his route being so arranged that each tree does not receive

attention oftener than twice each week.

Tapping by Means of Channels and Small Incisions

According to the method recommended by M. K. Bamber^®® for Hez/ea
hrasiliensis, and by D. Sandmann for Manihot Glaziovii (Fig. 29), a vertical

channel is made on the stem with a flat curved knife (after the preliminary
removal of the hard cork layer in the case of Manihot) .

{See Fig. 29.) This
channel serves only for the conduction of the latex, however, and is so flat

that the least possible amount of latex flows out. It is from small horizontal

cuts (made after the completion of the channel) that the latex flows. Several
of these incisions, which are each about 1 cin, wide, are produced simultane-

Weber, C. O., “The Chemistry of India Rub-
’ p. 23, London, 1906.

Henriques, R., “Der Kautschuk und seine
i^Qiiellen,” p. 19, Dresden, 1899.

Deut. Kolonialhlatter, Nos. 12 and 13
(1910),

N'otisbl. Bot, Gart. u. Mus. Berlitiy S, 31

(1908).
i«i> See “Rubber Industry” (ed. by J. Torrey
and A. S. Manders), p. 120, The Internation-

al and Allied Rubber Trades Exhibition, Ltd.,

London, 191 1»
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ously by a suitable instrument. A metal trough, from which the latex flows

into a cup placed below, serves for the collection of the latex. In order to

aid the flow of latex and to prevent the stoppage of the wound, a dropping

cup is placed at the upper end of the channel, and a slow' stream of water

or ammonia solution flows from it into the channel.

Figure 28 (Above)—Diagram of the method

of paring radial cuts on the trunk.

R. Bark,

K. Cambium.

H. Wood.

I. The channel.

II. The bark strip taken off on the second

tapping day (illustrated by the shaded sec-

tion A).

III. The bark strips taken off on successive

tapping days (marked 1, 2, 3, 4, 5, 6).

Figure 29—Trunk of a 6%-year-old Manihot

Glaziovii tree tapped according to the Bamber-

Sandmann method.
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Experiments conducted ])y the author^"® on Manihnt in German East

Africa did not indicate that this method is a desirable one. Whether it

would yield better results with old trees and under different climatic con-

ditions is still to be tested. Moreover, the method described has not proved

advantageous for Hevea in Ceylon.^'^

A similar method, however, seems formerly to have been advantageously

used with Ficus clastica. For these trees it was recommended by van

Gelder^'^ that a system of flat channels, in which pricks are made with a

knife, be produced. About half of the latex can be obtained in liquid form

in this manner.

Paring Method

The paring method is now commonly in use for the tapping of Hevea
trees on the plantations. In consideration of the great importance which
Hevea rubber now has commercially, it should be of common interest to de-

scribe this method somewhat in detail. On account of the hard consistency

of the bark this method is much less readily used with ManiJwt Glaziovii.

According to P. Arens, however, good results were obtained in Java by

tapping Manihot trees according to this method. The method cannot be

given consideration for species which show no marked tapping response.

Figure 30 — Schematic representa-

tion of the various tapping methods.

I. Spiral cut.

IL Herring-bone cut.

III. Half-herring-bone cut.

IV. V-cut around the entire

trunk.

V. Tapping channel around

half of the trunk.

In using the paring method (Fig. 30), a vertical channel (leading chan-

nel) which leads to a point just above the ground, is first made on the trunk.

With the help of a metal trough stuck into the bark, the latex flowing into

this channel can be led into a collection vessel on -the ground. More or less

sloping channels with lower ends connected with the leading channel (so

that the latex can flow down into it) are then cut in the bark. These sloping

channels will be designated as tapping channels.

On the second tapping day, further channels are not made on the trunk;
instead strips of bark some 1.5 mm. thick are cut from the lower edge of
the tapping channels (Fig, 28). By this means the same system of latex

vessels is again opened and a flow of latex is again started. Gn the follow-
ing day another strip of bark is pared off. This process can be continued
until the pared surfaces have reached the lower end of the leading channel

Zimmerman, A., *‘Der Manihot-Kautschuk
,,
5-207, G. Fischer, Jena, 1913.
Rubber Res. Scheme, Bull., No. 71 (1918).

Tropenpflanser, IS, 653 (1911).

Mededeel. Proefsta. Malang^ No. 6 (1913).
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and further tapping is no longer possible. When the entire available surface

of the trunk is removed, the tapping can be begun again in the same manner,
as soon as the bark has been regenerated sufficiently.

In going into this method more in detail, mention may be made of the

fact that it can be used in various ways. Consequently, especially in earlier

times, the size and direction of the channels differed greatly on the various

plantations. Likewise the number of tappings made on the tree each year

differs considerably.

The method to be regarded as the most rational is the one by the use of

which (1) the maximum yield per single tapping is obtained, (2) the trees

can be tapped the greatest possible length of time without a decrease in the

yield taking place, (3) the trees are protected from injury as much as pos-

sible so that they remain productive for a long time, (4) the quality of the

rubber is not impaired by continued tapping, (5) the greatest possible pro-

portion of the latex can be obtained in the liquid form, and (6) a tapper can

gather the greatest possible amount of rubber in a given period of time.

Considerations involving the channel system to be used on the trunk and
the method of obtaining maximum yield for each tapping were formerly
given too much weight. Frequently a channel winding in several spirals

on the trunk served as a tapping channel {see Method I of Fig. 30). In this

case all the bark on the lower part of the trunk is obviously removed, when,
by paring off strips of bark, the upper edge of the next lower winding has

been reached. The num!)er of tappings possible in the first period is de-

pendent only on the vertical distance between the individual windings. When-
ever two spiral windings were used in place of one, as was also done in the

early days, the number of tappings possible in the first period was only

half as great.

Figure 31—Paring off the bark strip in tapping % of the circumference.

(From the motion picture film of E, A. Hauser.)
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The herring-bone cut, in which a number of tapping troughs empty into

the leading (main) channel from both sides, was also very popular {see Fig.

II). In this case the number of possible tappings is dependent upon

the distance between the various channels. If only three or four tapping

channels are used in place of five in the same space, a considerable pro-

[ongation of the tapping period is possible. A further prolongation is ob-

tained if, as is shown in the illustration, the tapping channels do not extend

entirely around the trunk but only about half-way around, so that after one-

half has been pared the other side can then be tapped. A doubling of the

tapping period is thereby obtained. The same also applies to the, so-called

half-herring-bone cut, with which the tapping channels empty into the lead-

ing channel only from, one side (Fig. 30, III). Considerably longer tapping

periods are permitted jpy the V-cut illustrated in Figure 30, IV. The most

favorable in this respect, is the simple slanting cut (illustrated in Fig. 30, V),

which has come into use on most of the plantations.

The .photographs in Figures 31 to 33, made by E. Hauser, serve to illus-

trate tliis method. Figure 31 shows first how a strip of bark is pared from

a tree which has been tapped repeatedly. It is to be noticed that in this case

the collection vessel is fastened close below the tapping channel by means

of a wire frame. By this expedient the amount of latex left in the leading

channel is much less than is the case when this channel reaches to the ground.

Figure 32 shows the latex from the wound flowing together into small drops,

while in the stage illustrated by Figure 33 the entire wound is already covered

with latex, which slowly drops into the collection vessel.

In connection with the merits of the different tapping systems it must be

borne in mind that the latex yield is in no way proportional to the dimen-

sions of the wound, and that twice as much rubber is not obtained from a

Figure 32—Beginning of the latex flow.

(From the motion picture film of E. A. Hauser.)
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wound which goes entirely around the trunk as from one which goes only

half way. Such a proportionality could only exist if no flow of latex took
place in the transverse direction.

Figure 33—Latex flowing into the collection cup.

(From the motion picture film of E. A. Hauser.)

Recent economic conditions have exerted an influence on the type of tapping system

used.* According to C. E. T. Mann, [India Rubber 84 , 653 (1932)] so-called double-

cut systems, which permit of a large economy in labor costs (although at the expense of a

small loss in crop), have been attracting a great deal of attention. Experiments on a full

spiral cut or with two “V” cuts at the same level have been tried in Malaya. A system

introduced from Ceylon and commonly referred to as the Sunderland system is also being

tested ill Malaya. This system is characterized by a drastic tapping and a long period of

recovery. The tapping cuts are laid out at different levels and tapping is repeated at

intervals of three days. After tapping has been continued for from five to eight months,

a rest period of equal length is provided. Very promising results are said to have been

obtained thus far. It is stated that the crop does not fall below 90 per cent of that of a

normal alternate-day tapping system, and that the tapping costs are reduced about one-

third.

On account of the interruption to the flow of sap, the more extended the

wound, the greater is the damage to the tree. With the use of extended

channels and frequent tapping, the quality of the latex is also injured and the

yield is decreased.

The direction of the wound on the trunk is also important from the point

of view of the size of the yield to be obtained. As was explained on page 50,

the latex vessels are so situated in the bark that the largest yield usually

is to be obtained with horizontal cuts and the smallest with lengthwise cuts.

Since the latex cannot flow downward in horizontal channels, it is necessary,

in order to obtain the greatest possible amount of latex in liquid form, to

* Translator’s note by V. N. M.
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^ive the channels a certain slope. Experience has shown that an angle of

about 35° with the horizontal is usually the most favorable. This angle was

the basis for the construction of the systems shown in Figure 30. Since the

tangent of 35° is approximately 0.7, this angle can very readily be marked

on the tree by making use of a right-angled triangle so constructed (from

flexible sheet metal) as to have the sides next to the right angle related to

each other in length by the ratio of 10 to 7. If this triangle is placed on

the tree so that the long side is horizontal and the short one is vertical, the

hypotenuse indicates the desired direction.

It was shown on page 50 that larger yields are obtained from wounds

which rise to the left than from those which rise to the right.

It is further to be observed that the smaller the wound produced at each

tapping, the more delayed will be the time when the whole bark surface is

pared off and it is necessary to begin tapping the renewed bark.

In order that a normal regrowth can take place, it is very necessary that

the cambium lying between the wood and bark not be injured by the tap-

ping, as the wood and bark cells are formed from it. An injury to the cam-

bium causes the formation of an irregularly-shaped wound structure

(“callus’"). This “callus” can lead to a thickening of the bark, which (in

turn) can hinder tapping of the tree. In order to prevent an injury to the

cambium, it is a rule that the wound must not penetrate deeper than 1 to 2

mm. from it. If a still more shallow cut is made, a considerably smaller

amount of latex is obtained, since the greatest amount of latex is found in

the innermost “cylinders” of latex vessels. Deep wounds, caused by care-

less tapping, may be suitably closed with tree wax or paraffin, by which the

healing is accelerated. According to the experiments of S. V. Simon,

new bark elements, as well as latex vessels which differ in no way from
those in untapped bark, are formed on the pared surface within a few weeks,

if no injury to the cambium has occurred during the tapping. Following

this regrowth the tapping surface can again be supplied with organic nu-

tritive material by means of conduction. In well-nourished trees, no use

of the starch in the wood under the pared bark takes place. The wood cells

formed during the tapping period can even be partly filled with starch, al-

though at a slower rate than in the wood underneath the non-tapped bark.

Just underneath the cork layer, which is immediately formed on the surface

of the injured bark tissue, are also formed one or more layers of stone cells,

which one month after tapping have already reached a considerable size and
have produced an effective protection against outside influences.

N. L. Swart and A. A. L. Rutgers^ observed that the pared bark surface

was sufficiently regenerated after the first tapping to give a good yield again

upon renewed tapping in about four years, or somewhat more quickly under
very favorable conditions. After the second tapping, this stage is reached
in about six years

; and after the third, in about eight years. Therefore, if

the tapping is to be uninterrupted, only a fourth of the surface of the trunk
is to be removed each year for the first four years, only a sixth each year
from the fourth to the tenth, and an eighth from the tenth to the eighteenth

years. This system is possible only when the wound is small or the tree is

seldom tapped.

The lower part of the trunk usually gives a greater yield than the higher
part. The tapping is consequently begun, especially with young trees, at

Tropenpflanser, 17, 63 (1913). boek roor de rubbercultuur in Nederlandsch-
1'® Swart, N. L., and Rutgers, A. A. L., “Hand- Indie,'* p. 298, J. H. Bussy, 1912.
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not too great a height. The longer the tapping wound, the greater is the

work of the tapper. The amount of work required is usually closely propor-
tional to the length of the wound, but the yield does not increase pro-
portionally. With sufficient practice, the tapper can tap most quickly when
he can always perform the paring in the same direction. For example
more time is necessary for a V-cut, the arms of which each go one-fourth
of the distance around the ti*unk, than for a single sloping cut which goes
half-way around the tree. The less the tapper needs to move about in his

work, the more quickly will the tapping be accomplished. Therefore all tap-

ping surfaces are laid out in the same direction. It is also quite obvious that

the tapper can tap few^er trees in the same time in young groves, where only
a part of the trees are tapped, than in old ones, where all the trees are

tapped.

As a rule, tapping may be begun with trunks which have a circumference
of 45 cm. at a height of 70 cm.^'*^ This circumference is attained, under
favorable conditions, by about 30 to 40 per cent of the trees on a 3^/2-year old

plantation. Since a few selected trees cannot be singled out for tapping,

only about 1 to 1% grams of dried rubber is to be estimated from each
tappable tree of this age. A tapper, therefore, will obtain only 400 grams
of rubber from some 300 trees. If a day wage of 50 guilder cents and a
preparation and transportation cost of 15 guilder cents is estimated, the cost

of this 400 grams of rubber amounts to 65 guilder cents, which means a cost

of about 30 U. S. cents per pound. With present low rubber prices, it is

unprofitable to begin the tapping with such young trees. On plantations
which work under still less favorable conditions, and have a higher cost of

production, tapping must be begun still later.

In order to be able to estimate how many trees a tapper can tap in one
day, consideration must be given to the fact that the yield is usually great-
est at daybreak. Then it decreases—at least on a clear day—slowly at first,

but faster from 9 o'clock until noon. During this time the amount of latex

collected in the liquid form becomes steadily smaller. In the afternoon the
yield increases slowly, but is still considerably smaller in the evening than
in the early morning. Usually it is considered necessary that all the trees
be tapped between 6 and 9 :30 or 10 o'clock in the morning. The collection
of the latex is then begun. In the prescribed time an experienced tapper can,

by tapping with a cut which passes a third of the way around the trunk!
tap about 250 trees on young plantations with some 30 to 40 per cent of

tappable trees, about 200 trees on unfavorable terrain and about 350 to 400
on plantations in full production.
How often the trees are tapped during the year is naturally of great in-

fluence on the yearly yield to be obtained.* In this respect it is to be observed
that a daily tapping is possible without a decrease in the yield when the

wounds are not too extended. In many districts, an interruption of the tap-

ping is necessary during the rainy season or during a severe drouth. The
tree also gives proportionately little rubber at the time when the new foliage
is appearing.

Apart from such interruptions, trees were formerly tapped daily on most
plantations. In recent times tapping is usually less frequent. It either is done
every other day, or definite rest periods are introduced in the system of

daily tapping. In the ye^ 1926, according to R. Riebl,^"^ 57 per cent of the

Swart and Rutgers lac. cit Arch. Rubhercultuur, 10, 377 (1926).* See translator’s note cm p* 78.
* $ • \ ^ /
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plantations in Java were tai)ped every other day, 24 per cent with a rest

period of a month or less, 13 per cent daily, 4 per cent every third day, and

2 per cent with a rest period of more than a month. The length of the tap-

ping cut was almost universally less than half the circumference of the

t

The thickness of the bark strip which must be pared ot¥ to open the latex

vessels must be greater with long rest periods than with shorter ones, be-

cause the dried part of the bark on the wound increases gradually. For ex-

ample, it has been stated that with daily tapping a bark strip 1.25 mm. thick

must be taken off, whereas a 1.6 mm. strip is necessary when the tapping is

on alternate days.

In order to show how tapping can be carried out continuously for 18 years

on a plantation a synopsis is given of a tapping method which was desig-

nated by N. L. Swart and A. A. L. Rutgers’"” as the most profitable one.

This method is based on the assumptions that a tapping surface of 45 cm.

height on the average is pared off in a year, and further that four years are

required for the regrowth of the bark after the first tapping round, six years

after the second, and eight years after the third. The tapping wound passes

one-third of the way around the trunk in all cases. In the first round (Fig.

34, 1) the tapping is begun at a height of 70 cm. so that the lower, latex-rich

part of the trunk is tapped. The tapping channel ends 10 cm. above the

ground, so that the metal trough stuck into the trunk and the collection ves-

sel may have a place. Three sections of the surface are arranged for the

first tapping period {A, B and C in iMg. 34, 1). Surface A is tapped in the

Figure 34—Tapping scheme. The sur-

faces tapped in the individual years

are indicated on the developed surface

of the trunk.

first year and the first third of the second year, surface B in the remainder

of the second year and the first two-thirds of the third year, and surface C
in the remainder of the third year and in the fourth year. After the ex-

piration of this time, the bark on surface A is regrown so Well that it can

again be tapped. However, in order that there may be a longer rest, period

for the regrowth of the bark, the tapping is begun at a height of 100 cm.

so that three surfaces 90 cm. high are involved in the second round of tap-

ping [A, B and C in II). Surface A is tapped in the fifth and sixth years,

Swart, N. L. and Rutgers, A. A. L., “Hand- Indie,” p. 300, J. H. Bussy, 1912.
boek voor de rubbercultuur in Nederlandsch-
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B in the seventh and eighth years and C in the ninth and tenth years. At
the expiration of the second round, the upper part of surface A has had six

years for the regrowth of the bark. The third round is begun at a height of

130 cm. so that three surfaces of 120 cm. height are available. From the

eleventh to the eighteenth year, surfaces A, B and C can be tapped in the

manner illustrated in .Fig. 34, III. At the expiration of this tapping period

the upper part of surface A has had a rest period of eight years so that the

fourth round can be begun at once.

With reference to the instruments used for tapping, it should be mentioned
that a great number of different (in part rather complicated) instruments
have been made for the production of the channel and for the paring off

of the bark strip. These tools are designed to make possible the quickest

work and at the same time to prevent too deep penetration of the cut. In

actual practice, a relatively simple instrument is generally used.

Formerly glass or porcelain collection vessels were commonly used.

Aluminum cups, which, although more expensive, have the advantage that

they are less readily broken and are also much lighter (so that they can be

brought to the factory each day and cleaned), have recently come into favor.

Glass and porcelain cups must always be kept as clean as possible in order

to prevent the collection in them of putrefied rubber scrap, which can cause

complete coagulation of the latex. In order to prevent infection of the bark

it is recommended (especially for infected plantations) that the tapping in-

struments be sterilized before use. Mercuric chloride is not recommended
for this purpose. Creolin is recommended as a disinfectant by P. Arens.^^®

In order to prevent the overflow of latex from the tapping channel,

Watson^®° recommended that the bark just beneath it be coated with a non-

wettable material, vaseline or the like.

Many anti-coagulants are used to prevent premature coagulation. These
are usually added to the latex in the collection vessel, although they are

frequently placed in the cup before tapping and are sometimes even painted

on the tapping channel. Sodium sulfite, soda and formalin have proved
especially useful for this purpose. In the case of sodium sulfite, a solution

containing 10 grams of anhydrous or 20 grams of the crystalline salt in 100

cc. of water is prepared. Enough of this solution is poured into the collec-

tion vessel to give 6 cc. in each liter of undiluted latex. The sodium car-

bonate solution, when used, is made up to contain 10 grams of the anhydrous
or 27 grams of the hydrated salt in 100 cc. of water. One per cent by volume
is added to the latex. In the case of formalin, a solution containing 25 cc.

of commercial formalin in 1 liter of water is prepared, and 20 cc. of this

solution is added to a liter of latex.

An addition of sodium carbonate is especially recommended when the

water used with the latex is rich in lime. The addition of this agent or of

sodium sulfite will improve the physical properties of the rubber. Formalin,

in the stated amount, is without influence but in larger amounts can cause

injury.

Formerly a so-called dropping vessel (drip tin) from which pure water

or dilute ammonia solution slowdy dropped, was placed at the upper end of

the leading channel in order to prevent premature coagulation of the latex

It was believed that the stopping of the latex flow was delayed and a greater

amount of latex could be obtained. This assumption was not confirmed by

^'^^Mededeel Proefsta. Malang, 25, 6 (1919). India Rubber J., 72, 818 (1926).
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the
investigations of P. Arens/®^ however. At the present time the drop-

ping vessel is scarcely ever used.

Combined Paring and Pricking Method

In the use of this method the procedure at first is the same as with the

previously described paring method. In order, however, to open the deeper-

lying latex vessels and to cause the latex in them to flow, a suitable instru-

ment (pricker) is stuck into the bark, after the removal of the bark strip,

which is scraped off less deeply to prevent injury to the cambium. A wheel,

which is provided on its circumference with sharp teeth 10 mm. long and 5

to 8 mm. wide, is used for this purpose. In later tapping, a new bark strip

is scraped off and the pricker is stuck into the bark thus laid ])are.

The method described can, when appropriately used, give somewhat higher

yields than the straight paring method. The use of prickers, however,

auses considerable injiiry and interferes with the regrowth of bark.^®-

Its use appears to be quite limited at the present time.

The Direct Application of Latex

Although it has long been known that latex collected from the rubber
tree could be used directly for the manufacture of technical articles, espe-

dally waterproof material; and it was proved by Fourcroy in 1791 that

latex could be kept liquid for a long time by the addition of alkali; and
patents on the manufacture of rubber articles from latex were taken out
in the years 1791, 1824 and 1825,’®® only a very small amount of latex

(and that mostly for scientific research) had arrived in the countries

producing rubber goods up to the year 1920. Since about 1920, industry
has shown an ever-increasing interest in the direct use of latex.* It

follows from the fact that the amount exported from the Middle East in

the last few years has already assumed considerable importance that latex

is no longer used only for small experiments. This is apparent from
Table 4, taken from the Bulletin of the Rubber Growers’ xA.ssociation :

Table 4.—Exports of Latex in 1,000 (Imperial) Gallons.

1923 1924 1925 1926 1927 1928 1929 1930 1931

Malaya 74 715 2,315 2,088 1,561 919 1,708 815 752
Ceylon 11 59 4 13 0.3 0.7

Sumatra 1,499 644 1,433 28 54 933 833 1,699 2,443

Total 1,584 1,418 3,752 2,129 1,615.3 1.852.7 2,541 2,514 3,195

Until recently latex was always shipped with its naturally occurring
water, or even somewhat diluted with water (whereby its transportation

Arch. Rubbercultuur, 3, 36 (1919).
Rubber Res. Scheme, Bull., 69 (1918).

Hauser, E. A., “Latex,” pp. 5 & 7,
Th. Steinkopff, Dresden and Leipzig, 1927 .

* Translator’s Note. The developments in the
direct use of latex during the 5-year period
following the publication in 1927 of Hauser’s
book on “Latex” have been recently reviewed
by V. N. Morris and H. W. Greenup, Ind.
Em. Chem., 24, 755-770 (1932). This re-
view covers such fields as scientific investiga-
tions of latex systems, preservation and ship-
ping, concentration of latex, incorporation of

compounding ingredients, manufacture by dip-

ping, spraying, molding, electrodeposition, etc.,

and uses for and products from latex. The
reader is also referred to the articles by D. E.
Twiss, F. W. Warren, and J. H. Carrington,
Trans. Inst. Rubber Ind., 6, 419-452 (1931),
by R. G. James, Ibid., 9, 42 (1933), and by
D. F. Twiss, 7. Soc. Chem. Ind., 52, 410
(1933), on the subject of the direct use of
latex, and to the bulletin, “Rubber. Latex,”
by H. P. Stevens and W. H. Stevens, issued
by the Rubber Growers’ Association in 1933.
V. N. M.
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cost is increased). A process by which latex can be converted into a
concentrated form without the physical properties of the rubber being
injured, has been sought during the past few years. A pasty mass which
does not need an air-tight container for shipping, and can, by dilution

with water, be converted into an emulsion or suspension similar in all

essential properties to fresh latex, is now made from latex. Further, it

is possible to vulcanize the rubber in the latex without causing visible

change.
The discussion of the applications of liquid latex can be separated into

five different sections
;
the uses of ordinary liquid latex, the concentra-

tion of latex, the vulcanization of latex, the incorporation of compound-
ing ingredients in latex, and methods for the practical utilization of

compounded latex.

Liquid Latex

Preservation with Ammonia

The spontaneous coagulation which tends to occur in Hevea latex

after a short time must be prevented by the addition of a preservative,

if the liquid state is to be retained. In practice, ammonia is used almost

I

exclusively for this purpose. For the preparation of a uniform, standard

[

product, it was recommended by O. de Vries that the latex be diluted

to a water content of 75 per cent, and that 5 grams of ammonia be added
for each liter. The addition of ammonia is made as soon as possible

after the collection of the latex. Petroleum cans, as well as iron drums
and tanks, are used for shipping. According to O. de Vries and N.

Beumee-Nieuwland,^®* the ammonia content of preserved latex remains
constant when the latex is kept in well-closed containers and the alka-

linity is so great that no bacterial decomposition can take place. With
less alkalinity (0.1 for example) spontaneous coagulation can set in,

whereby the alkalinity is decreased as the ammonia is combined with

the resulting acid.

If ammonia-preserved latex is permitted to remain undisturbed in a

closed vessel for some time there occurs a separation into layers to some
extent. The rubber content is least in the lowest layer. In the upper
creamy layer, in which some of the rubber particles may become bound
together upon long standing, the rubber content may amount to as much
as 76 per cent by weight. According to O. de Vries and N. Beumee-
Nieuwland,^®® this cream contains only a small amount of serum con-

stituents. After dilution with water it is more difficult to coagulate with

alcohol than fresh latex of the same concentration. Coagulation of this

cream takes place readily upon the addition of a small amount of com-
mon salt. The diluted cream is also readily coagulated by acetic acid.

The yellow rubber obtained from the cream contains little nitrogen, but

the ash is approximately normal. The sheets obtained by the drying of

cream show a tendency toward tackiness.

According to C. Beadle and H. P. Stevens, the ammonia is com-
pletely separated from preserved latex by dializing the latter for two to

three days with frequent changes of water. The latex so obtained ex-

Arch, RnhhercKltuvr, 7, 168 (1923). Arch. Rubbercultuur, 11, 295 (1927).
^^Arch, RnbbercuUuur, II, 371 (1927). Kolloid-Z., 13, 211 (1913).
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hibits a normal behavior at first, and is coagulated normally by acid.

Soon, however, aggregates of rubber particles are formed, and after some

days the effect of acids is not to coagulate but merely to cream the latex.

That various changes take place in ammonia-preserved latex follows

from the fact that sediment usually separates from it. In experiments

carried out at the Imperial Institute,^®® on two samples of such a sedi-

ment, the following analytical results were obtained

:

Per Cent
Rubber 30

Acetone extract - 11. 6 and 6.4

Nitrogen-containing material (insoluble in acetone) .... 2.4 and 1.6

Fe208 ^-0 and 15.1

MgO 16.0 and 13.1

P,05 JiS.O and 23.6

Traces of K, Si and Sn were also found to be present. The iron and

tin found in the sediment may have been obtained from the container.

0. de Vries and N. Beumee-Nieuwland^®^ found in such a sediment:

Per Cent
Rubber - 22

Magnesium ammonium phosphate 30

Proteins, impurities, etc 1

Ash, besides NH^MgPO-i 4.5

Water, ammonia, and other Hfiiiid constituents 37

In ammonia-preserved latex there take place decompositions of the

proteins and other changes (of a nature not yet determined with cer-

tainty)^*^® which exert a great influence upon the rate of vulcanization

and the viscosity of solutions of rubber obtained from it. It was shown
by 0. de Vries, R. Riebl and N. Beuniee-Nieuwland^®^ that the rate of

vulcanization of rubbers obtained from latices preserved with ammonia
for different lengths of time increases at first, later decreases, reaches

the original value after a month, reaches a minimum after two months,

and then again increases. The viscosity of the rubber solutions de-*

creases in the first stage, rises considerably in the second, and in the

third period again decreases. The mechanical properties of the rubber

obtained from ammonia-preserved latex do not differ greatly from those

of normal Hevea rubber, according to experiments conducted at the

Imperial Institute.^®^ O. de Vries and N. Beumee-Nieuwland^^^ obtained

similar results, and were also able to determine that rubber obtained by
coagulation from ammonia-preserved latex had not become tacky after

being preserved for years.

Other Preservatives

The attempt of B. J. Eaton,^^^ T. E. H. O’Brien, O. de yries,^^^

and others to find preservatives which would show to advantage in com-
parison with ammonia has not as yet shown results utilizable in prac-

tice. Formaldehyde has been used repeatedly in laboratory experiments

fBull. Imp. Inst., 22, 139 (1924).
^ Arch. Rubbercultuur, 11, 314 (1927).
”’ Cf. Hauser, E., ‘‘Latex,” p. 107, Th. Stein-
kopff, Dresden and Leipzig, 1927.

^ Arch. Rubbercultuur, 9, 345* (1925) and Ilf
325 (1927).

Bull. Imp. Inst., 22, 138 and 140 (1924).

Arch. Rubbercultuur, 11, 325 (1927).

Bull. Imp. Inst., 21, 393 (1923).
Ibid, 22, 220 (1924) and Rubber Res.

Scheme, Bull., 32, (1924)
Arch. Rubbercultuur, 10, 149 (1926).
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for the preservation of samples of latex. According to C. Beadle and
H. P, Stevens/®^ about 20 to 30 cc. of 40 per cent commercial formalin
should be added to a liter. They found, however, that in the preserved
latex the rubber particles come together into aggregates of different

sizes, of which only a few if any show Brownian movement. They found
further that the larger the aggregates the greater was the tendency for

creaming to occur. The smaller aggregates remain suspended in the

serum, and it is not possible to separate the cream from free or slightly

aggregated particles by repeated dilution with water, shaking in a

separatory funnel and drawing off the milky liquid. The larger aggre-

gates cannot be split up into the original particles.

In latex preserved with formalin chemical processes also take place.

According to C. Beadle and H. P. Stevens,^®® a quantity of acid as great

as or greater than that necessary for the coagulation of fresh latex is

generated therein. Usually coagulation cannot be brought about by the

further addition of acid. Whether this coagulation takes place or not

depends upon the content of free rubber particles, since they alone are

influenced by the action of the acid. Further addition of acids or of salts

usually results only in creaming.
That the physical properties of the resulting rubber are always low-

ered as a consequence of preservation of the latex with formalin was
reported by O. de Vries, R. Ditmar,^°® and E. Hauser.^*^^

Sodium hydroxide can also be used for the preservation of latex, but,

according to the experiments of T. E. H. O’Brien-^- and O. de Vries and
N. Beumee-Nieuwland,^°^ it shows no advantage over ammonia. Prod-

ucts made from latex so preserved show a tendency towards tackiness.

The recent investigations of H. Freundlich and N. Talalay* {Kautschuk, 9 , 34, 49

(1933)] have demonstrated that the catalytic oxidation of rubber in the presence of

copper is greatly accelerated when sodium hydroxide is present in the latex.

Concentration of Latex

The four different methods suggested for the concentration of latex

will be described in the sections which follow.

Creaming of Latex

According to the process suggested by J. Traube,-®^ 60 to 70 cc. of

latex is mixed with a 10 per cent aqueous solution of Carragheen moss

and the mixture is heated for a long period at 40 to 60° C.f This treat-

ment causes a separation into two layers differing in rubber content. In

the lower layer a certain percentage of rubber still remains. The upper

layer, a cream rich in rubber, remains liquid, and is relatively unstable,

so that it must be mixed with a preservative such as ammonia and be

Xo/Zoid-Z., 13, 207 (1913).
^^^Kolloid-Z., 13, 211 (1913).
198 de Vries, O., ‘‘Estate Rubber,’’ p. 85.^ Gummi-Ztg., 41, 1688 (1927).

Hauser, E., “Latex,” p. Ill, Th. Steinkopff,
Dresden and Leipzig, 1927-

^BulL Imp. Inst., 22, 221 (1924).
^^Arch. Rubbercultunr, 9, 694 (1925).
* Translator’s note by V. N. M.

Gummi^Ztg., 39, 434 (1925) and Kautschuk,
(Octaber) 13 (1925).

t Translator’s Note. According to the patent

literature, other substances which facilitate

separation of the rubber globules in latex in-

clude glue, gelatin, Iceland moss, Irish moss,

pectin, gum arabic, Karaya gum, alginic acid,

and various alginates. See Banks, U. S. Pat
1,755,379 (1930); Jackson, Brit. Pat. 294,002

(1928); K, D. P., Ltd., Brit. Pat. 337,269

(1930); McGavack, U. S. Pats. 1,647,805

(1927) and 1,740,994 (1929); Smith, U. S,

Pat. 1,678,022 (1928). V.N.M.
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packed in a water-tight container for transporting. This method of con-

centration has been used but little in practice. The same applies to the

process suggested by O. de Vries and N. Beumee-Nieuwland,^®^ according

to which creaming is caused by the addition of a considerable quantity of

sodium hydroxide. The cream thus obtained possesses the disadvantage that

products made from it tend strongly toward tackiness.

Centrifuging

A complete separation of rubber particles and serum cannot be ob-

tained by centrifuging. As was pointed out by Utermark and others/^®

it is possible to separate latex into a cream rich in rubber and a '"skim

milk’ poor in rubber, by means of a rapidly rotating centrifuge. H. N.
Bloomendaal and N. H. van Harpen,-^’^ using an apparatus constructed

by the Alpha-Laval Company, obtained a 60 per cent rubber cream and

a 5 per cent '^skim milk.” The concentration of the cream can be car-

ried still further by the addition of protective colloids. Rubber from the

cream has a very yellow color and contains only small amounts of pro-

tein and other serum constituents. A still more complete concentration is

attained if the cream is again centrifuged after the addition of water. This
absence of serum constituents causes the rubber to be non-hygroscopic,

which may be advantageous in certain applications, especially in the

electrical industry. The 5 per cent "'skim milk” is readily coagulated.

The cream is still so liquid when it has a rubber content of 60 to 70 per

cent that it can be pumped very well. Some observations on the proper-

ties of rubber from the cream were reported by O. de Vries and N.
Beumee-Nieuwland.^®® To what extent the Utermark method will prove
to be profitable in practice cannot yet be determined with certainty.*

Incidentally, at this place may be mentioned the supposition of inves-

tigators at F. R. Henderson and Company, Inc.^°^ to the effect that the

method of partial centrifuging could perhaps be used to separate the non-
rubber material from latices of lawer quality.

Filtration

With the use of certain ultrafilters, it is possible to separate rubber
rom latex in an almost pure form. However, the apparatus recom-
aended for this purpose appears to be too complicated to be used on a

irge scale as yet.^^®

^evertex Process

According to E. Hauser, Revertex (contraction of the words “re-

ersible” and ^'latex”) is prepared according to the procedure described
riow. The latex is freed of impurities and coagulated lumps by screen-
ng as soon as possible after collection and, after the addition of a pre-

ervative, is kept in a large vessel until used. The protective colloid is

^Arch. RuhherculUiur, 9, 748 (1925).
‘^Chem. Age, 11 , 331 (1924); also see India
Rubber World, 68, 704 (1923).

Rubbercultuur, 11 , 573 (1927).
‘^Arch. RubbercuHuitr, 11 , 382 (1927).
Translator’s Note. At the present time (1933)
centrifuged latex is a commodity readily ob-

tainable on the market. That it is finding
practical application is evidenced by the state-

ments of Carrington and others ilnst. Rubber
Ind., Trans,, 6, 438 (1931).] H.W.G.

^ India Rubber World, 68, 724 (1923).
2’nSee Hauser, E. A., ‘‘Latex,” p. 120, Th.

Steinkopff, Dresden and Leipzig, 1927 .

Kautschuk, 3, 4 (1927).
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added shortly before the latex is placed in the evaporator (Fig. 35).

This latter consists essentially of a rotating hollow cylinder, which is

surrounded by another cylinder and is heated by means of hot water
flowing between the cylinders. From the body of the latex (which fills

only a portion of the cylinder) a thin layer is taken up on the heated wall

during the rotation. This layer is concentrated by evaporation and is

returned to the latex as the revolution is completed. A constant mixing

and a destruction of incipient foam is accomplished by a freely rotating

cylindrical roll, which is within the rotating drum and which is set in

motion by the latter, A stream of cold air is blown through the drum to

carry out the water vapor and also to prevent the thin layer removed for

evaporation from forming a skin. The evaporation is continued until

the latex assumes a pasty consistenc}^ which is attained when the water

content is 20 to 30 per cent. The operation of the apparatus is then dis-

continued and the concentrated latex is drained into a collecting vessel.

After cooling, the Revertex can be drawn off into Venesta cases (thinly

coated with paraffin)
,
in which it is shipped.*

Figure 35—Transportable evaporation apparatus

for the manufacture of Revertex.

(According to E. A. Flauser.)

To what extent Revertex will find application in the rubber industry

in place of ammonia-preserved latex and crude rubber is not readily

apparent at this time. According to statements of E. Hauser, which are

disputed by various authors in many details. Revertex seems to possess

important advantages.
It was first emphasized by Hauser that Revertex can be brought to

any desired concentration before use by dilution with water. Since the

protective colloid added for stabilization is water-soluble, it can, when
necessary, be removed by a simple washing process. The behavior of

Revertex toward coagulants is similar to that of fresh latex. Moreover,
the rubber particles in Revertex exhibit the same constitution as those

in fresh latex, while those in ammonia-preserved latex are always more
or less strongly agglomerated. In contrast to ammonia-preserved latex,

Revertex is distinguished by a high stability to temperature fluctuations,

* Translator’s .N<3te. All of the Revertex which durin,g the past few years had been shipped
has to the attention of the translator in metal V. N. M,
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further evaporation, pressure and to friction. No coagulation is to be

feared upon passage through a colloid mill. The use of Revertex is

further promoted by the fact that mixtures made with it generally vub
canize in a considerably shorter time than do mixtures made with sheets

or crepe rubber. The explanation of this phenomenon lies in the fact

that natural accelerators are contained in Revertex* (see p. 303). Since

Revertex is neither exposed to high temperatures nor caused to undergo
changes through the action of strong chemicals during its manufacture,

it is conceivable that the activity of these accelerators remains. Hauser
considers Revertex to belong to the class of most rapidly vulcanizing

rubbers. Since the rubber in mixtures made from Revertex has experi-

enced less working than that in mixtures made from crude rubber, it is

not to be wondered that the physical properties of Revertex vulcanizates

are superior. The permanent set of Revertex products is usually a little

higher than that obtained with plantation rubber, and tests of tear resist-

ance and tensile strength show a superiority for Revertex over other

kinds of rubber. With respect to aging, it also appears significant that

the non-rubber constituents of latex remain unchanged in Revertex.

Artificial aging tests have shown rubber from Revertex to possess a con-

siderable superiority over plantation rubber.

According to E. A. ETauser, the application of Revertex, completely

dispersed by addition of water, is possible wherever preserved latex has

formerly been used. For many purposes the Revertex paste can be used

directly, as, for example, for coating fabrics, for the manufacture of

dipped goods and, especially, for the production of filler-free rubber

sheets. The process 6f dissolving the rubber and recovering the solvent,

necessary when rubber cements are used in the manufacture of numerous
articles, is unnecessary when Revertex is substituted for the cements.

On account of the high rubber content of the mixture, quite a thick layer

of rubber can be applied. The aqueous dispersion penetrates a suitably

pre-treated fabric better than does a benzene solution of rubber. Various

articles, such as automobile inner tubes, may be made by spraying a

suitable mixture on heated hollow forms and later vulcanizing the

sprayed layer.

A novel evaporation processt has recently been patented by the Metallgesellschaft

Aktiengesellschaft [Brit. Pat. 382,235 (1933)]. According to this process, latex, heated

by steam or hot water to a temperature of about 90° C., is introduced through a suitably

designed nozzle into an evaporation chamber in which a reduced pressure (70 mm. of

mercury or less) is maintained. Since the boiling point corresponding to this pressure

is about 46° C., the temperature of the latex rapidly falls to about 46° as the latex en-

ters the chamber. The resulting evaporation of water from the latex reduces the water

content of the latter by about seven per cent. The process must be repeated if furthyr

reduction in moisture content is desired. In order to produce a concentrated material

with a total solid content of 75 per cent, for instance, it is necessary to repeat the opera-

tion of heating and cooling in vacuo about eleven times._ If a wider range of tempera-

tures is adopted, the number of repetitions needed to obtain a predetermined concentration

is correspondingly less.

Vulcanization of Latex

The vulcanization of the rubber particles contained in latex may be
accomplished by a patented process discovered by P. Schidrowitz. The
suspension manufactured in this way^ is designated as ‘Wultex’' (con-

Translator’s Note. The potassium hydroxide fluences the rate of vulcanlz^ion. V.N.M.
present as preservative probably also m»

, t Translator s note by V. N. M.
4s
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traction of the words ‘Vulcanized’’ and “latex”). The designation “Vuh
pro” is used to some extent for products manufactured from it.

Vultex consists of a dispersion of vulcanized rubber particles in un-
changed serum.^^^ The rubber particles in it exhibit a somewhat faster

Brownian movement than those in fresh latex. That the rubber particles

in the latex are actually vulcanized may be concluded from the changed
shape of the particles, from their increasing solidity toward the inward
part of the particle, from their indifference toward solvents, and from
their increased negative charge. H. Green^^® established by microscopi-
cal investigation in ultra-violet light that during the vulcanization the
kernel of the particle enters into a reaction with the sulfur while the hull

is not influenced.

A vulcanization of the rubber particles takes place in Revertex just as

in fresh or preserved latex. The product obtained is designated as

“Revultex.” It is stable, on account of the protective colloid contained
in it, and can be diluted like Revertex.

Sulfur (in all forms) and polysulfides can be used as vulcanizing

agents in the manufacture of Vultex and Revultex. The vulcanization

can be effected with or without pressure at 100® C. or lower temperatures.

Under favorable conditions and with suitable accelerators satisfactory

vulcanization can be effected at 4® to 10® C. in as little as 24 hours, or

correspondingly more rapidly at higher temperatures. In practice, how-
ever, the latex is usually heated to 70® to 80® C. with the addition of

.accelerators, and a complete vulcanization is obtained in 2 hours.

In spite of the fact that they are completely vulcanized, such mixtures

have a very low vulcanization coefficient. The quantity of combined
sulfur in Vultex products never amounts to more than 3 per cent.

A further advantage of the Vultex process is that the excess of sulfur

remaining in the latex can be separated by a simple settling process. In

the manufacture of Revultex this is not possible. By a suitable modi-
fication of the vulcanization process it is possible, with the use of Rever-

tex, to obtain a paste in which no excess sulfur remains, so that it can

be used in all concentrations without further treatment.

By evaporation of the water from Vultex, an insoluble film of vul-

canized rubber of high quality results. In regard to the sticking together

of the rubber particles, it was explained by Hauser that “a substance

present in the serum shows adhesive properties in the moist condition

(so that it works as a cement in the film formation). This property is

lost on further dehydration and is not regained on addition of water.”

By changing the length of time of vulcanization, the temperature used,

the amount of sulfur added, the accelerator and activators, etc., the de-

gree of vulcanization, elasticity, tensile strength, etc., can be varied in

the manufacture of Vultex and Revultex, just as they are in the manu-
facturing of products from crude rubber. The process permits the use

of dyes and filler pigments which could not be used in former manufac-

turing processes on account of their instability to heat and vulcanization,

The mixing of latex with these ingredients requires practically no power,

and the rubber is in no way injured. In the spreading process, it is only

Cf. E. Hauser, Gummi-Ztg., 40, 1357 (1926) Ztg., 41 , 817 (1927) and Ind, Bng. Chem.,

and “Latex,’' p. 126, Th. Steinkopff, Dresden
World, 72, 720 (1925) and

and Leipzig, 1927 ; also Schidrowitz, Gummi- Ind, Eng, Chem,, 17 , 802 (1925).
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necessary to evaporate the water
; and consequently the fabric cannot

be injured by any subsequent vulcanization. Vultex and Revultex offer

many advantages in the manufacture of numerous rubber articles. The
physical properties of products made from Vultex, especially their aging
qualities, are said to be very good. It is worthy of note that the

“Vulpro-articles” have found increasing sale as well as general recogni-

tion in England.

IncO'Ktoration of Com I’OLiNDi N(i Ingrkdiknts in Latex'*-'

Although the incorporation of compounding ingredients in latex was not discussed in

the German version of this book, it seems well worth while to give some consideration to

this very important factor in connection with the direct use of latex. Especially is this

true inasmuch as considerable literature on the subject has made its appearance since the

publication of the German edition.^

The introduction of compounding ingredients, or pigments (to use the term of the

rubber technologists), is, in the case of latex, a fundamentally different process from that

with crude rubber. According to various investigators, the difficulties with compounding-

ingredients for latex can he attributed to electrical charge (e.g., magnesium oxide will

discharge and coagulate the negative latex particles)
;
dehydrating power (e.g., carbon

black) ;
tendency to settle out

;
and failure to be wetted by latex. A procedure which

lessens one of these difficulties may often aggravate another. In their recent review of

the subject of the direct use of latex, the translators have stated that passage of the

pigment suspension, or of the compounded latex, through a colloid mill, or through a paint

mill, will usually improve dispersion and retard settling, but may greatly increase the

tendency towards coagulation.

H. P. Stevens and W. PI. Stevens state that most fine powders, when stirred into

latex, coagulate it, the coagulation manifesting itself either as a sudden or a gradual stif-

fening of the paste. The best method of introducing pigments is to put them into the

form of a paste with water, or with an alkaline solution, before stirring them into the

latex, according to these investigator's. Despite these precautions, the incorporation of

certain pigments, such as carbon black and zinc oxide, is very difficult, and resort to the

use of protective colloids is necessary. Stevens and Stevens mention hemoglobin, soap,

glue, and gelatin solutions in this connection. Casein, gum tragacanth, gum ghatti, potas-

sium soap, and saponin are included among the agents which the translators have used
successfully. A certain specificity has been observed in the protective influence which the

various colloids exert on the different pigments, an effective agent for one pigment not

necessarily being of much service for another.
There have been several proposals for handling carbon black, which is probably the

fine powder most difficult to incorporate in latex. It is reported that the use of saponin
in a carbon black-water paste facilitates wetting and aids in the subsequent mixing of the

paste with latex. The recent suggestion of C. R. Park‘d® for increasing the dispersibility of

carbon black in latex is to treat the black with the vapors of a material such as pine oil or

petroleum distillate.

Several novel suggestions for facilitating the introduction of sulfur, the large particle

size of which is ordinarily objectionable, have been made. According to the experience
of the translators, the grinding of this pigment in a ball mill in the presence of protective
colloids is probably the method having the greatest general utility. For certain purposes,
sulfur may he advantageously introduced into latex in the form of the hydride, or of a
polysulfide, such as ammonium or calcium polysulfide."^^

The methods employed for the introduction of water-insoluble accelerators into latex
are the same in general as those which apply in the case of inorganic compounding in-

gredients. Since water-soluble accelerators can be mixed with latex very readily (pro-
uded they are not of such a nature as to coagulate the latter), it is often desirable to use
this type. Since latex articles are normally formed to shape and therefore do^ not require
any further processing, such as milling or calendering, the field of applicability of ultra-

accelerators is much greater than is the case with articles made from crude rubber.

^Translator’s note by V. N. M. Canadian Pat. 309, 276 (1931).

24^7Ss'*a932)^'^''^’
Stevens and Stevens—Bulletin of the

^“Bulletin of' the' Rubber Growers” Association Rubber Growers” Association on “Rubber
on “Rubber Latex,” p. 35, 1933. Latex,’* p. 45, 1933.
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According to Jacobs,"’® Naunton,"’’' and others, almost any dyestuff carrying a negative

charge may be used for coloring articles made from latex, provided the latter is vulcan-

ized at or near ordinary temperature by the use of ultra-accelerators. Insoluble dyes may
first be run through a colloid mill with a protective colloid, or dissolved in a suitable

organic solvent and the solution then emulsified. In using vat dyes, it is necessary to

agitate the mixture of latex and the leuco compound while exposed to the air. It is

possible to use lakes, provided they are in a fine state of subdivision.

Waxes, oils, resins, and bituminous materials are in general neither soluble in water,

nor can they be introduced in the form of a suspension of fine powder. Emulsification is

the usual expedient employed, the non-rubber constituents of the latex sometimes serving

as the emulsifying agent. Among other agents which have been used by a number of in-

vestigators for this purpose may be mentioned Karaya gum and saponin. Worthy of

mention is W. A. Gibbon’s suggestion for adding stearic acid to latex by first forming
ammonium stearate and stirring in the latter.

A method of introducing compounding ingredients, which is feasible for latex but not

for crude rubber compounding, is to form the ingredient in the latex^ (or in water im-
mediately before addition to the latex) by a double decomposition or similar reaction be-

tween two soluble substances. An example of a very useful reaction of this type is that

between barium sulfide and zinc sulfate, in which both products formed are insoluble and
of interest as rubber pigments. In this connection American and English interests

have patented processes for the production of such ingredients as silicic acid, various

silicates, cadmium and other sulfides, barium sulfate, lithopone, calcium oxalate, and
calcium and other carbonates by this method. Exceptionally good mechanical properties

have been claimed for products containing pigments formed in this manner.
Keeping the pigments in suspension after they have once been satisfactorily dispersed

in latex is often quite a problem. The use of latex thickened by concentration (Revertex,
for instance) reduces the tendenc}^ towards the sedimentation of compounding ingredients,

n employing Revertex, which is a comparatively viscous paste, the pigments may be

Lcorporated either as dry powders or as pastes in a mixer of the Werner-Pfleiderer type.

. brush-sieve arrangement, operating simultaneously with the blades of the mixer, is

recommended for the introduction of dry pigments. When a high proportion of com-
pounding ingredients is to be introduced, extra water, or a solution of alkali or of casein,

should be added continually during mixing to prevent coagulation.

Certain methods for thickening normal latex (without concentrating) and thus re-

tarding the settling of fillers have been proposed. Thus Hauser ^suggests using the

thixotropic properties of bentonite clay or other substances, Wescott"® suggests the use

of a zinc oxide-hemoglobin gel, and Teague has made use of ammonium soaps of

higher fatty acids for this purpose.

Methods for the Practical Utilization of Compounding Latex*

Since the recently developed methods for the utilization of compounded latex often hold
much of scientific interest, and the books on the technology of rubber have heretofore not
covered^ the matter thoroughly, it has occurred to the translators that a discussion of

the subject at this point would be thoroughly justified. The methods used for the con-
version of the latex mixture into the shaped but unvulcanized (unless Vultex is used)
article include dipping, deposition from aggregated latex, electrodeposition, spraying, gell-

ing and molding, and extruding."'®

Dipping. The alternate dipping of a non-porous mold in latex and the drying of the

deposited layer probably constitutes the simplest method for the manufacture of articles

from latex. Products made in this manner have found increasing use and are, at pres-

ent, competing very successfully with goods made by dipping in rubber cement. Included
among the articles made by this method may be mentioned finger cots, druggists’ sundries,

balloons, coated screens, surgeons’ gloves, and electricians’ gloves.
Much investigation during the past few years *has been devoted to the problem of in-

creasing the thickness of the film obtained by a single dip, or decreasing the time neces-

sary between dips. Among the methods suggested for these purposes may be mentioned

Rev. gen. caoutchouc, 7, No. <55, 31 (1930).
Rubber Age (London'), 9, 256 (1928).

==‘’U. S. Pat. 1.798,253 (1931).
=-iK. D. P., Ltd., Brit. Pat. 262,487 (1927)

;

Dimmore, U. S. Pat. 1,712,333 (1929);
Murphy, Niven, and Twiss, Brit. Pat. 338,975
(1931).

=“Brit. Pat. 342,469 (1931).
2=3 Brit, Pat. 301,077 (1929).

U. S. Pat. 1,634,124 (1927).
* Translator’s note by H. W, G. and V. N. M.

Translator’s Note. The patent literature with
respect to these methods is thoroughly reviewed
in F. Marchionna’s book, “Latex and Its In-

dustrial Applications” (The Rubber Age Pub-
lishing Company, New York, 1933), a copy
of which has just come to the attention of the

translators.
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concentration/'® tliickening,“‘ and dipping with accompanying, or subsequent coagulation.

The interesting proposal of Festalozza for facilitating the production of rubber articles

by dipping involves the use of heat-sensitive latex prepared by adding solutions or suspen-

sions of salts of bi- or trivalent metals. When a heated form is introduced, the latex

adjacent to it is heated and coagulated.^^ A similar method has also been suggested by
Chapman, Murphy, Pounder and Purkis"” who propose the use of ammonium persulfate,

with or without sensitizing agents, such as sodium silicofluoride or trioxymethylene.

Deposition from Aggregated Latex. Although the deposition of latex on porous molds

is ordinarily quite difficult, since the deposited material either clogs the pores or forms an

impervious layer on the surface, deposition can be made comparatively simple by increas-

ing the effective size of the particles. This increase can be accomplished by aggregation

of the latex particles into relatively large groups. Agents which have been found to

promote this aggregation include Irish Moss, phenol and trisodium phosphate, buffer solu-

tions of phosphates, cinnamic and other aldehydes, and boric acid."'*"

Electrodeposition. The electrolytic deposition of rubber upon the anode is well known
and is a subject which has been discussed considerably in the literature (p. 127 and p. 493

of this book, for instance). Several modifications of the normal electrodeposition process,

which have been suggested recently, are of interest from the scientific point of view.

These modifications consist of cathodic deposition, alternating current deposition, and
internal current deposition. Cathodic deposition is made possible by changing the elec-

trical charge on the latex particles. James and Twiss'"'*^ have used such materials as

acetic acid and formaldehyde in conjunction with protective colloids for this purpose,

while the Siemens-Elektro-Osmose Gesellschaft"'*'* has employed thorium nitrate. Alter-

nating current deposition is made possible by using two different materials, such as alumi-

num and carbon, for electrodes. In the case of internal current deposition, ammonium
chloride is added to the latex in such a quantity that coagulation does not occur.*®^ The
electrodes used are made of carbon and of zinc. When the circuit is completed, a cur-

rent flows through the cell, and rubber is deposited.

Gelling and Molding. Although the gelling of latex or compounded latex cannot alone

be classed as a method of manufacture, it has been investigated as a preliminary step in

the production of porous and other types of articles, not only by molding, but also by
spreading, dipping, and spraying. The consistency of the latex is so changed by the gell-

ing process that manufacture of the final article is often facilitated. ‘ Formaldehyde (alone

or mixed with such substances as phenol and tannic acid), silicic acid, sodium silico-

fluoride, alum, magnesium sulfate, calcium chloride, saponin, gelatin, agar-agar, hemo-
globin, other proteins and albumens, and cellulose xanthate are included among the sub-

stances which have been used as gelling agents.

Agents having little or no effect at room temperature, but a gelling or coagulating action

at a somewhat higher temperature, are now coming into vogue."^* Thus, although a small

portion of certain substances, such as a salt of a bi- or a trivalent metal, will merely have
a slight thickening effect on latex in the cold, it will cause further thickening and, finally,

coagulation as the temperature is raised towards the boiling point. A preliminary gell-

ing has been used to great advantage in the production of sponge rubber products in

molds. In a process developed in England, a frothing agent, such as soap, and a gelling

agent, such as sodium silicofluoride, are added to concentrated or thickened latex. After
being beaten into a froth with a mechanical stirrer, the mixture is poured into a mold of

the desired shape,**®® It is then gelled and vulcanized in the mold. Products made by this

method are beginning to come into use for the upholstering of automobiles, furniture, etc.

According to a recent suggestion of Howard,®®® organic solvents may be added to latex

as a preliminary step in the production of molded articles. The mass increases in volume
during setting or vulcanizing and thus assumes the configuration of the mold. The solvent

is claimed to function as a swelling or dissolving agent for the rubber, as a gas-forming
agent, and as a gelling or setting agent.
Extruding. The production of articles, such as threads and tubes, by extruding the

properly compounded latex into a coagulating or dehydrating bath, offers possibilities

“«See Hadfield, U. S. Pat. 1,635,576 (1927)
and Twiss, Brit: Pats. 285,938 and 297,911
(1928).

^ See Anode Rubber Company, Brit. Pat.
291,805 (1928).

''\^93lj
(1929) and 1,811,695

^Brit. Pat. 326,782 (1930).
See Hopkinson and Gibbons, U. S. Pats.
U32,759 (1927) and 1,797,580 (1931);
Smith, U. S. Pat. 1,678,022 (1928); Cadwell

and Hazell, U. S. Pat. 1,802,753; Greenup,
Ind, Eng, Chem., 23, 688 (1931).

231 Brit. Pat. 334,581 (1930).
=32 French Pat. 669,275 (1930).
238 See Williams, French Pat. 638,630 (1927).
234 See Pestalozza, U. S. Pats. 1,717,248 (1929)

and 1,811,695 (1931); Dunlop Rubber Com-
pany, Brit. Pats. 326,497; 326,782; 332,525;
332,526 and 333,952 (1930).

2«sSee Rubber Age {London), 13, 98 (1932).
238 Brit. Pat. 381,975 (1933).
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which do not seem to have been exploited until_ recently. According to a piajcess patented

by Murphy and Twiss,"^* compounded latex is allowed to flow by gravity through an
orifice under the surface of a setting or dehydrating bath, which in a typical case may
contain ammonium acetate and sodium erh To-e patent granted to Hopkinson and
Gibbons has been used as the basis for the development of a commercial method for

the production of rubber thread from latex.

Spraying. Although the spray process would appear to be particularly adaptable for

the production of rubber coatings on objects which are of such intricate shapes or are in

such inaccessible positions that other methods of coating cannot be used, the difficulties

attending this method are such as to have limited its use thus far to a relatively narrow
field. Clogging of the spraying devices, lack of smoothness in the dried film, and a

tendency toward a lack of uniformity in the product are included among the difficulties.

The translators have observed that sheets formed by the spray-drying of latex containing

compounding ingredients are often striated. Although stocks containing a high proper*

tion of pigments often exhibit a low tensile strength after being spray-dried and vulcan-

ized, a brief period of milling of such stocks before vulcanization has been observed to

increase the tensile strength considerably. The increase in properties is probably ac-

counted for on the basis of the rupture of the individual rubber globules and a conse-

quent improvement in the dispersion of the solid ingredients.

Impregnation of Fabric. One of the first uses suggested for latex was that of the

impregnation of fabric. It has been shown by Dieterich and by Hauser and Hiine-

mdrder'^® that the simple dipping of fabric in latex does not result in true impregnation.

Nevertheless, Gibbons, using the United States Rubber Company’s flexing machine
(see p. 586), has shown that from the standpoint of flexing life, latex-treated web fabric

is far superior to cord fabric of the same construction. Various means for imp-.' v*r.:

impregnation by pressure, vacuum, etc., have been tried. An interesting i:\-; :

obtaining a coating of the individual fibers is that of Bongrand and Lejeune.'"*^ In this

method, the latex is applied on the spinning frame while the fibers are in the roving

stage.

A method for improving impregnation, which has been receiving an increasing amount
of attention during the past few years, is that involving the use of latex to which a

wetting agent has been added. These wetting agents, which are polar compounds, are

adsorbed on the latex particles and prevent the latter from being adsorbed on the surface

of the fabric. They influence markedly the interfacial tension between the fabric and
latex. Sulfonated oils, sodium sulfanilate, thiourea, orthotoluidine, ammonium linolenate,

saponin, and soluble salts of sulfonic acids, such as sodium isopropyl naphthalenesulfonate,
are included among the agents which have been tried for this purpose. A report of a

recent comparison of various wetting agents has been published by Hauser and Hiine-

m6rder.=*=

The Coagulation of Latex

Various Explanations of the Coagulation Process

General

Very different methods can be used for producing crude rubber from
liquid latex. For example, a solid rubber can be obtained when the

water contained in latex escapes by evaporating; naturally all the non-

volatile compounds present in the latex are found in this mass. More-
over, a more or less complete separation of rubber particles from the

serum can be effected in many kinds of latex by centrifuging or filtration,

and a rubber from which the greater part of the serum constituents has

been separated is obtained. In most cases, however, the latex, by treat-

ment with acetic acid, is transformed into a very white, gel-like mass
from which commercial crude rubber is produced by pressing and drying.

2*7 Brit. Pats. 311,844 (1929); 333,005 (1930); Metallges. Periodic Rev., No. 5, 31 (1931).

326,496 (1930). ^Und. Eng. Chem., Anal. Ed., 2, 99 (1930).
S- Pat. 1,545,257 (1930). Brit. Pat. 338,381 (1931).

^Ind. Eng. Chem., Anal Ed., 2, 102 (1930). ^ Trans. Inst. Rubber Ind., 8, 316 (1932).
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The process by which latex is converted into a definite mass is usually
designated as coagulation. Various authors have proposed the use of

other terms but since none of these have been adopted in the literature,

the present author prefers to retain the usual terminology.

The product formed by the coagulation of latex differs from a true

gel (such as a gelatin swollen in water) in that a part of the liquid is

much less strongly bound and can be made to flow out, as from a sponge,

by a very light pressure. In such coagula the spongy structure of the

network substance formed from the strong gel, is to be distinguished

from the serum filling the meshes. The latter is readily separated by
pressure (between rolls, for example), whereby the coagulum acquires

a solid consistency.

Since the composition of the product varies with the coagulant used,

the same latex can yield coagula in which the network structure and
serum possess a very different chemical constitution. Variation in the

coagulant can also lead to coagula in which the rubber particles are

precipitated with different amounts of serum constituents, or with which
the constitution of the adsorption hull is changed. In many coagulation
processes, a part of the rubber particles may remain suspended in the

serum, so that the latter exhibits a milky turbidity upon being pressed

from the coagulum. In such cases, it appears correct to speak of an
incomplete coagulation. In general, the network substance contains a

certain amount of water (water of imbibition) which cannot be removed
by pressure. This explains the observation (made by O. de Vries-^®)

that the coagula contained about 3 to 10 per cent of water which cannot
be separated by strong and long-continued pressure.

The exact investigation of the coagulation process has further shown
that this process frequently precedes a more or less complete fusing of

the rubber particles. Certain steps in the coagulation, for which various

designations are customary, are to be distinguished. According to the

terminology introduced by C. Beadle and H. P. Stevens, it is suitable

to distinguish between two stages of the coagulation process ;
namely,

cream formation and floe formation.
In cream formation, the uniformly dispersed rubber particles separate

from the serum and collect on the surface into a creamy mass. By
shaking, a uniform dispersion is again obtained (reversible process).

In floe formation, a coalescence of the rubber particles to more or less

large agglomerates takes place. These agglomerates tend to collect in

the upper layer. By shaking, a uniform dispersion, but no disintegration
of agglomerates, again takes place (irreversible process).

According to the coagulation process used, .very different degrees of

cream and floe formation can occur. It is possible in floe formation to

observe all transitions between microscopically small agglomerates, con-
sisting of only a few rubber particles, and large aggregates visible to the
naked eye. Usually agglomerates of very different sizes are present in

the same mass, and a coalescence of the floes themselves takes place.

In many coagulation processes an incomplete cream formation can take
place, in which the serum remains clouded by rubber particles even on
long standing, and only a part of the particles collect in the upper layer
of the serum. The cream formation is also bound up with a more or less

strong floe formation.
Vries, O., “Estate Rubber,” p. 234. Kolloid-Z., 13, 217 (19l3).
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The incomplete coagulation process has been investigated^^® in the

case of Hevea latex which was mixed with different amounts of alumh
nitm sulfate. Upon the addition of small amounts of this salt, groups
of rubber particles are formed which remain separated from one another
at first and which show only a slight motion, mostly longitudinal vibra-

tion. The addition of greater quantities of aluminum sulfate results in

the formation of larger groups of rubber particles, which are always
more crowded together and appreciably deformed. They finally flow

together and unite so intimately that the individual rubber particles are

no longer to be distinguished. Whether a bursting of the rubber par-

ticles takes place could not be determined in the experiments.

True coagulation is by no means always preceded by visible cream
and floe formation. In the case of the latex of Manihot Glaziovii, for example,

the addition of sufficient acid immediately results in the formation of a

coherent mass of the same volume as the latex.

If an insight into the chemical-physical and colloid-chemical changes
taking place during the coagulation is to be obtained, consideration must
be given to the fact that latices from the various species of rubber plants

possess very dififerent kinds of structures and can exhibit very diforent
behaviors when similar coagulating processes are used. It. is therefore

not permissible to generalize and attempt to derive a generally applicable

explanation of the coagulation phenomenon from observations made on
latex from one or a few species, or results obtained with but a single

coagulant. On the basis of the investigations thus far reported, the

author thinks it probable that the processes involved in the coagulation

of latices are not always the same, and that at this time no generally

satisfactory explanation may be given for many of them. A critical dis-

cussion of the various explanations of coagulation and of the observations

upon which these explanations were based will be presented later.

Size of the Rubber Particles

The size of the rubber particles is of significance in cream formation,
which precedes actual coagulation in many coagulation processes. It

was shown by E. Fickendey^^® and D. Spence^^^ that those latices which
cream most rapidly and most completely contain the largest particles.

It was further observed by V. Henri-^® that in a high column of diluted

Hevea latex, the largest particles collect nearest the upper surface. The
size of the rubber particles is of particular significance in coagulation
processes depending on centrifugal force. For example, the especially

large rubber particles contained in Castiiloa latex are very readily sepa-

rated from the serum, while fresh Hevea latex cannot be completely
creamed by centrifuging. On the other hand, the size of the rubber

particles is entirely without significance in coagulation processes depend-
ing upon the addition of chemical reagents.

Brownian Movement

Brownian movement tends to promote the uniform distribution of the

rubber particles in latex. Since the intensity of this motion decreases

with the size of the rubber particles, it is apparent that a latex which

-'*** See India Rubber World, 68, 706 (1923). See “Lectures on India Rubber,” edited by
ue Tropenpflamer, 14, 481 (1910).

Kolloid-Z., 4, 204 (1909). D. Spence, p. 206, 1909.
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1
contains many large rubber particles is less stable and tends to cream

i more than one with snialler rubber particles. To what extent Brownian
motion plays a role in floe formation and creaming has not yet been
ascertained with certainty. It was shown by E. Fickencley^^® that the
coagulation of latex by heating could be explained by the increase in

amplitude of vibration and the thereby increased probability of collision

of the rubber particles.
^

It is to be considered that, on heating, various
processes which are of influence upon the result of the coagulation also

take place in the serum.

V. HenrP®*^ found that the intensity of the Brownian movement is

quickly decreased and finally entirely stopped before coagulation begins

in case of the addition of coagulants, such as acids. Even upon the

addition of alkalies, which do not cause coagulation, the intensity of the

motion is considerably reduced. It was stated by C. Beadle and H. P.

Stevens^®^ that the Brownian motion conies to a standstill without the

occurrence of coagulation when sufficient acid is added to the latex so

that the concentration is just below that necessary for complete coagu-
lation.

Increase of the Tackiness of the Rubber Particles

Aggregation or coagulation is traced back by some authors to the

greater tackiness which the rubber particles acquire under certain con-

ditions. A. W. de Jong and W. R. Tromp de Haas,“®^ on the basis of

investigations carried out with Castilloa latex, in which acetic acid,

alcohol and acetone served as coagulants, have explained the coagulation

process as follows : The surfaces of the rubber particles are so changed
by the dissolving of the resin by the reagents that a greater adhesiveness

is obtained, and therefore, wdien the particles collide, they immediately
adhere to one another. In refutation of this assumption, it was shown
by C. 0. Weber^®® and others that the resin is not at all soluble in acetic

acid and that the rubber is more tacky the richer it is in resin. As with

acetic acid, a solution of the resin cannot be obtained with most of the other

coagulants used.

A. W. K. de Jong and W. R. Tromp de Haas^^^ also assumed that the

tackiness of the rubber particles is increased by heating, and that coagu-
lation is thereby effected, especially with purified Castilloa latex. E.

Fickendey^®® is of the opinion that the coagulation of protein-free latices

is promoted by boiling, because the rubber particles become more tacky
and consequently adhere more strongly to each other when they come
in contact. To what extent this explanation is correct cannot yet be
judged. It is known, however, that rubber particles (or aggregates of

the same) collected on a filter can be bound together by a very light

pressure.

Influence of the Specific Gravity of the Serum on the Creaming of Latex

The specific gravity of serum can play a certain role in cream forma-
tion. It is relatively great in a latex which creams very readily (such as
Castilloa latex). According to C. Beadle and H. P. Stevens,'-^®^ the value

240

2S0
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Kolloid-Z., 8, 45 (1911).
See “Lectures on India Rubber,” edited by
p, Spence, p. 204, 1909.
Kolloid-Z., 13, 207 (1913).
Ber,, 37, 3301 (1904).

Gummi-Ztq., 19, 101 (1904).

37, 3301 (1904).

^^Kolloid-Z., 8, 45 (1911).

^^KolloU-Z„ 13, 210 (1913).
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for the specific gravity is considerably over 1.0 in Castilloa latex of 40
per cent rubber content. The specific gravity of the serum cannot en-
tirely explain cream formation. In the case of the latices of many species
(such as Manihot and Kickxia) the tendency to cream is increased by the

addition of pure water, which must cause a decrease in the specific

gravity of the serum. It appears still less probable that a change in

specific gravity caused by the addition of coagulants will play a role in

creaming, as was assumed by A. W. K. de Jong and W. R. Tromp de
Haas^®^ and J. H. Hart.^®® Evidence against this assumption is furnished

by the fact that most coagulants function in such small amounts that

the specific gravity of the serum is changed only a little by their addition.

Role of the Proteins

The proteins contained in latex play an important role in many coagu-
lation processes, such as the normal coagulation of Hevea latex with
acetic acid. Evidence for this statement is provided by the facts that

(as was established by H. Freundlich and E. Hauser^®®) the limits of the

hydrogen-ion concentration in which coagulation of Hevea latex takes

place correspond with the coagulation limits for proteins, and that,

according to E. Hauser, the protein-rich serum obtained by filtration

through a ceramic filter also precipitates at the same hydrogen-ion con-

centration.

It was further established by P. Scholz^®^ that .PIevea latex is also

coagulated by the addition of proportionately smaller amounts of other

typical protem coagulants (copper sulfate, aluminum sulfate and lan-

thanum nitrate). The required quantities of such agents were smaller

the more the latex was diluted before the addition of the coagulant. In

latex freed as completely as possible from proteins, dilution exerts no

marked influence on the ease of coagulation.

Since a considerable portion of the proteins goes into the network

structure of the coagulum upon coagulation with acid, the presence of

the 3 per cent or so of proteins found by analysis in rolled and washed
sheet or crepe rubber is understandable. A part of the proteins con-

tained in the latex remains in the serum. In fact, as was established by

N. Beumee-Nieuwland and O. de Vries,^®^ proteins which are precipitated

by warming are also found in the serum.
It is assumed by many authors that the protein shells surrounding the

rubber particles fuse together during coagulation. According to the ob-

servations of C. Beadle and H. P. Stevens, the rubber particles of

Hevea coalesce to form an irregularly shaped fibrous network, on the

edges of which the outlines of the single particles are preserved.

In most methods of coagulation of latices of other plants large amounts

of proteins are precipitated. Furthermore proteins are at least partly

coagulated by the coagulants commonly used, as well as by heating.

Kickxia latex, which, as was established by E. Fickendey,^®^ probably

contains peptones instead of proteins, and is coagulated not by protein

coagulants but by peptone coagulants, is of special interest in this

respect.

=2^ Ben, 37, 3305 (1904). Dresden and Leipzig, 1927-
Rev, cult, coloniales, 8, 81 (1901). Kautschuk, 4, 5 (1928).
Kolloid-Z., 36, (Supplementary Volume), 24 Arch. Rubbercultuur, 11, 527 (1927).

(1925). Kolloid-Z., 13, 207 (1913)
Hauser, K, “Latex,’* p. 96, Th. Steinkopff, ^Kolloid-Z., 8, 43 (1911).
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There is no donbt that an aggreg-ation of ^rubber can be brought about
without the help of proteins. A. W. K. de Jong and W. R, Tromp de
Haas^^® found that Castilloa latex coagulated with alcohol was free from
proteins, aud that latex frorn the same plant, freed of ali proteins by
twelve washings, coagulated just as well as non-washed, protein-contain-

ing latex. H. C. Gardner-''® proved that Hevea, Castilloa and Micrandra
latices, after digestion of the protein with papain and separation of the
digested albumin by dialysis,, aggregated upon the addition of alcohol.

G. S. Whitby^®’' obtained a nitrogen-free rubber by treating Hevea latex

with a neutral solution of sodium sulfate at 70^^ C. Floe formation oc-

curred immediately, and on the following morning the rubber separated

from the serum as a coherent mass (in which proteins. were not to be
found).

It has already been shoWn by various authors that latices freed from
proteins behave differently from fresh latex. It was observed by H.
Freundlich and E. Hauser^®® that the residue of Hevea latex remaining
on the filter after filtering off the serum gives a colloidal solution with
water, for even a partial coagulation of which larger amounts of acid are

necessary. By repeated filtration, it is possible to obtain a product which
can no longer be coagulated by acids or other known coagulants.
According to E. Hauser,^®® Hevea latex in which the protein is di-

gested with trypsin shows properties different from those of fresh latex.

In this ''trypsin’' latex the formation of a single clump occurs simply

upon shaking, while in fresh latex a flocculation takes place, and a milky
liquid may be again obtained by vigorous agitation.

It appears correct to distinguish between the various steps in coagu-
lation, as was probably first done by C. O. Weber. He designated the

aggregation of the particles occurring without help of proteins as coa-

lescence, in contrast to true coagulation which occurs with the assistance

of proteins. The designation "agglutination” is used by other authors

for the first-mentioned process. The principal difference between true

coagulation and agglutination is that in the former an aggregation of

the particles is caused by coagulation of the proteins, while in agglutina-

tion it is caused by a direct fusing of the rubber particles. Which of

these processes is effective cannot yet be determined with certainty in the
cases of many methods of coagulation. Likewise it cannot be stated

with certainty which of these processes yields the best rubber. It can
be considered as very probable that the protein content of crude .rubber

exerts a favorable influence upon its behavior during vulcanization and
on the physical properties of the resulting vulcanizate, especially after

aging.

A completely different opinion regarding the action of. the proteins
was expressed by E. Fickendey.^”^ According to his opinion, the proteins
act as protective colloids in the latex of the living plant, and the coagula-
tion is caused by the loss of the protective power of the proteins. Fick-
endey based his opinion on observations made on Kickxia latex; He
found that in this latex creaming and coagulation are effected by dilu-

37, 3301 (1904). KoUoid-Z.^ 36 (Supplementary volume), 20

nternational Rubber and Allied Trades Rx-
uiDition, Ltd., London, 1911.

^Kolloid-Z., 12, 147 (1913).

E., ‘*Latex,” p. 97
4u.4.esaen and Leipzig, 1927.
Weber, C. O., ‘‘Reise nacb einer Xautsebuk-
plantage in Columbien,” Dresden, 1903.

^’t^Kolloid-Z., 8, 43 (1911).
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tion with water. This phenomenon was traced to the fact that the pep-
tones contained in the latex had lost their efifectiveness through dilution.

If too much flocculation has not taken place during creaming, the rubber
particles may again be uniformly dispersed by shaking, and by the addi-

tion of pure serum or a 4 to 8 per cent solution of peptone. The suspen-
sion thus again obtained has the same stability as fresh, undiluted latex.

Fickendey was also able to obtain a reasonably stable suspension bv
shaking the cream from Castilloa latex with a 10 to 15 per cent protein
solution.

A. W. K. de Jong-”- had previously made a similar observation to the

effect that washed, purified Castilloa latex was converted by the addition
of some egg-white to a latex which showed exactly the same properties
as latex collected from the tree. The observed prevention of the coagula-
tion was explained by de Jong in an entirely different manner, however.

E. Fickendey was able to obtain agglutination in Kickxia latex by
dial 3^sis. He explained this result on the basis of the removal of the

peptones. How applicable Fickendey’s explanation is to other coagula-
tion processes is still to be investigated. It does not appear to hold for the

latex of Manihot Glaziovli, The present author^'^^ has previously observed that

the latex of this plant, although especially rich in proteins, coagulated
very readily after slight dilution with water, even without the addition

of coagulants. On the other hand, if it is diluted with very much water
(about 100 volumes) coagulation no longer takes place, even after a

long time, especially when a disinfectant is added. Recently P. Scholz^*^

concluded from experiments in which fresh and practically protein-free

latex was precipitated that the rubber particles in latex are protected

by proteins against coagulation by univalent electrolytes but sensitized

to coagulation by divalent ones.

Role of the Resins

Since resins and resin acids are precipitated only by a much higher

hydrogen-ion concentration (pH— 2) than is necessary for the coagula-

tion of latex, while the sodium salts of resin acids are precipitated by

a lower hydrogen-ion concentration (pH~6) and therefore cannot be

contained in fresh latex, it follows, as was established by H. Freundlich

and E. Hauser,-"^ that resin compounds can play no role in the coagula-

tion of latex by acetic acid.

According to the investigation of O. de Vries and N. Beumee-
Nieuwland,-”® the dissolving of resins (which might have been function-

ing as protective colloids) can play no role in the coagulation of latex

with alcohol, since the concentration of alcohol present in the case of

complete coagulation is much too small to dissolve the resins. The

rubber obtained by coagulation with alcohol shows no smaller acetone-

soluble content than that obtained by coagulation with acetic acid.

Influence of the Substances Dissolved in the Semin

It was demonstrated by the experiments of C. Beadle and H. P.

Stevens^^^ and of P. Dekker,^^® all of whom worked exclusively with

37, 4398 (1904). Kolloid-Z,, 36 (Sup. vol.), 19 (192S).
Zimmerman, A., “Der Manihot-Kautscliuk,” Arch. Rubbercultuur, 11, 498 (1927).

p. 161, G. Fischer, Jena, 1913. KoUoid-^Z., 13, 211 (1913).
Kaiitschuk, 4, 5 (1928), Delft. Comm. 1 , 24.
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ammonia-preserved latex, that the material contained in latex serum is

i^ot without influence on the coagulation process. Beadle and Stevens
found that preserved latex, after it had been dialyzed two or three days

with water, could be coagulated upon the addition of acetic acid. Upon
allowing such latex to stand a few days flocculation occurred, however,
and it was no longer possible to cause coagulation with acetic acid.

Dekker observed that dialyzed latex is difficult to coagulate with acetic

acid or by heating, but that coagulation again takes place upon addition

of the dialysate.

Role of Microorganisms and Enzymes
Spontaneous coagulation of Hevea latex is attributed by various au-

thors to the action of microdrganisms and enzymes. This coagulation
takes place when latex stands quietly in air and is usually finished within
24 hours. It is sometimes incomplete, however, so that upon squeezing
the coagulum a more or less milky serum flows out. Various processes
take place in spontaneous coagulation. To what extent these processes
are connected with the actual coagulation cannot yet be determined with
certainty. When the ordinary coagulation or the drying of the coagulum
proceeds slowly, similar processes also take place. Maturation is the

term applied to these processes.

Two of the phenomena to be discussed take place on the surface of

the latex, or of the coagulum
; namely, slime formation, and the appear-

ance of a violet color. IDecomposition processes, especially those result-

ing in the formation of acids, occur on the inside. These three processes
are to be considered somewhat more in detail, although the consideration

is to be limited to the most important observations. In reference to the

older literature the compilation of O. de Vries^'^^ must be consulted.
Slime Formation. The slimy mass formed on the surface in contact

with air shows a more or less strongly alkaline reaction and a yellowish
color. It usually contains floes of rubber which are lost in the washing of

the coagulum, and also various decomposition products, among which
are foul-smelling decomposition products of the proteins. Slime forma-
tion does not occur in the absence of air.

The origin of the slime is usually attributed to aerobic bacteria. G.
Vernet^®® was able to isolate a motile bacillus from the slime.

Darkening. Darkening of the surface of latex and of the coagulum is

primarily due to oxidizing enzymes (oxidase, peroxidase, or tyrosinase)
by means of which the melanin-like substances are produced in latex.

Since this process takes place in the serum, O. de Vries^®^ was able to

observe a darkening of serum separated from the coagulum.
Very marked darkening (dark violet to blue-black) can frequently be

observed on the surface of dried latex strips (scraps) on the outer sur-

face of the bark of the tree. Individual trees behave differently in this

respect, and usually the color of scraps from young parts of the bark is

darker than that of scraps from old bark. These different behaviors can
be traced to the fact that, in the latex concerned, the oxidizing enzyme
or the oxidizable substance is present in different amounts, or one of

them is entirely missing. An experiment of A. W. K. de Jong,^®^ in

5^hich latex which did not show darkening directly showed it after ad-

*™^^Vries, O., “Estate Rubber,’* p. 159, 200,

Marseille, 1, 118 (1919).

281 de Vries, O., “Estate Rubber,” p. 30.
282 Mededeel. Agr, Chem. Buitenzorg, No. 10

(1915).
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dition of tyrosin, speaks for the lack of oxidizable substance. The fact
that darkening does not occur in the case of a coagulum obtained from
latex which has been previously warmed is attributed to destruction of
the enzymes. Any microorganisms present could also be destroyed by
such means.
Darkening can be prevented by the exclusion of air from the coagulnm

or the addition of an antioxidant. Sodium acid sulfite (NaHSOs), by
means of which the catalytic oxidation is prevented, is usually employed
in practice for this purpose.
Whether the oxidizing enzymes are or are not already present in the lati-

ciferous elements of the living plant is not yet definitely known. The absence
of enzymatic action, in spite of the presence of enzymes, can have its basis in

the fact that the enz3m'ies in the living latex elements are separated from the

oxidizable material. Moreover, the oxy^gen necessary for activation of the

enzymes may not be present in a sufficient amount in the latex of the living

plant. Furthermore, it is quite possible that the enzymes contained in latex

do not even come from the latex vessels, but from the cells of the bark

parenchyma which are cut at the same time the laticiferous elements are

tapped. The fact that G. Vernet^^^ detected peroxydase in parenchyma
cells surrounding the latex vessels gives evidence for this assumption. That
the enzymes in the latex collected after tapping may have been first pro-

duced by bacterial action is a further possibility.

Decomposition Phenomena. A continuously increasing formation of

acid takes place in the inside of the latex and of the coagula from which
oxygen is entirely excluded. As was established by K. Gorter and N. L.

Swart,^^^ lactic acid, small amounts of acetic acid, and traces of succinic

acid are found therein. The material for this acid formation is probably

supplied chiefly by the carbohydrates in the latex. The fact that (as found

by O. de Vries acid formation can be accelerated by the addition of sugar

confirms this conjecture. D. Spence offered the view that the acid forma-

tion occurring in spontaneous coagulation is brought about by enzymatic

cleavage of protein compounds having a complex carbohydrate structure.

Simultaneously with acid formation, gas bubbles, which cause a spongy

appearance, separate in the coagulum. According to O. de Vries,^®^ the gas

bubbles, in the beginning of the decomposition, contain about 50 per cent of

carbon dioxide. Some combustible gas (methane or hydrogen?) and some

incombustible gas (nitrogen?) are also contained therein. In the course of

time, the amount of combustible gas decreases and the carbon dioxide in-

creases, until finally the latter can amount to more than 95 per cent.

In the later stages of spontaneous coagulation, decomposition of the pro-

teins, with formation of hydrogen sulfide, amino acids, and amines, takes

place. Probably the accelerator of coagulation functioning in the case of

spontaneous coagulation is to be found among these decomposition products.

The decomposition processes described are usually attributed to the action

of anerobic bacteria. Two species of bacteria, one of which changed the

sugars in latex into acids, and the other of which decomposed or liquefied

the protein matter, were isolated from latex by A. Denier and G. Vernet.^®®

Whether these bacteria have such a universal distribution that they are to

be found in every sample of latex which stands in the air, or whether other

^ Bull, Marseille, 1, 111 (1919). 2S6 “Lectures on India Rubber/’ p. 198, 1909.

^ Mededeel. Rubberproefsta. West Java, No. 6. de Vries, O., ^‘Estate Rubber,” p. 238.

Vries, O., “Estate Rubber,” p. 207. ^ Compt. rend., 165, 123 (1917).



COAGULATION OF LATEX 103

species of bacteria can assist them, may be definitely established only by care-

ful infection
experiments with completely sterilized latex.

Spontaneous Coagulation. Spontaneous coagulation is attributed en-

tirely to the action of enzymes by some workers, and to decomposition
processes caused by anerobic bacteria by others.* A safe conclusion to this

debated question will only be reached when it is possible to sterilize latex with-

out decomposing the enzymes, and to make the enzymes inactive without
destroying the bacteria present. It appears impossible as yet to fulfill either

of these requirements.

The enzyme functioning in the case of spontaneous coagulation is usually
designated as protease or coagulase. It is thereby implied that this enzyme
acts especially on the protein contained in the latex.

In favor of the enzymatic action, it was adduced by G. S. Whitby that
spontaneous coagulation will^ commence much more quickly than decomposi-
tion processes ordinarily begin and that the odor of the latex, when it has set

to a solid mass, will still be quite fresh. In this connection it is nevertheless

to be observed that acid formation begins in the latex immediately after the

latter flows out of the wound, according to concordant statements of differ-

ent workers, and that protein decomposition, evolving foul-smelling material,

can be an entirely independent process.

W. Barrowcliff has shown that bactericides such as toluol and thymol,
which are not in general effective with enzymes, do not prevent spontaneous
coagulation, while hydrocyanic acid, on the contrary, makes the enzymes in-

active and prevents spontaneous coagulation. The observations on latex

sterilized by the Barrowcliff method (pouring fresh latex, with constant

stirring, into an equal volume of water heated to 90° C.) furnish evidence

in support of the enzyme theory. This latex (latex “B’') remains unchanged
for days in open vessels. It is quickly coagulated, however, when it is ‘'inocu-

lated'’ by adding a drop of fresh latex. The assumption is that the coalase in

latex “B” has been rendered inactive by the heating, but that by the addition

of fresh latex a sufficient amount of coalase is added to bring about coagula-

tion. It is apparent that in this case, coagulation is a question of enzymatic
action, since even an exceedingly small amount of fresh latex is sufficient for

coagulation. According to O. de Vries and N. Beumee-Nieuwland,^®^ four

drops of fresh latex have the same coagulating action as 15 cc. of alcohol or

121 mg. of alum. From the dried coagulum obtained from latex “B” through
inoculation, these same authors were also able to obtain with dilute sodium
carbonate solution an extract which still exhibited an inoculating action on
latex “B.” Furthermore, an extract which showed distinct inoculating ac-

tion could be obtained once more from the coagulum obtained by using the

previously mentioned extract. This extraction process did not succeed the

third time, however.
Since the serum pressed from a coagulum obtained by normal coagulation

with acetic acid causes no coagulation, it is to be assumed that the coalase is

completely precipitated by the acetic acid. In fact, by extracting the acetic

acid coagulum with a dilute soda solution, it was possible to obtain an ex-

tract suitable for inoculation.

* Translator’s Note. During: a bacteriological
study of Hevea latex, A. S. Corbet {.R'U'hher
Res. Inst. Malaya, Bull. No. 1 (1929)1
found that one organism predominates. He
proposed the name of Bacillus pandora for
this organism. B. pandora is capable of de-
composing latex substances to produce acids.

and thus bring about separation of the rub-

ber particles. V.N.IVT.

Kolloid’Z., 12, 151 (1913).
20°/. Soc. Chem. Ind., 37, 48T (1918).

Arch. Ruhbercultuur, 11, 503 (1927).

Arch. Ruhbercultuur, 11, 530 (1927).
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It is doubtful whether all the phenomena described can be attributed to

bacterial action alone. In view of the great heat resistance of many bacteria,

it cannot be accepted as proved that all the bacteria in latex “B” are killed

by the Barrowcliff method of sterilization. If it is assumed that all the bac-

teria are killed in latex “B/’ an explanation is still to be provided for the

fact that this latex remains sterile in the air whereas fresh latex is usually

quickly precipitated by bacteria. A possible explanation is that the coagulating

bacteria in latex “B"’ fail to obtain sufficient food for their development. It

is known that the protein in the latex undergoes a change upon heating. It

was stated by E. Hauser that latex “B” coagulates in a short time after

the addition of pure casein solution. Whether this coagulation is brought

about as a consequence of the renewal of the process of acid formation by

bacteria is a question yet to be answered. That the results of this experiment

may be brought in some manner into agreement with the enzyme theory is a

further possibility.

Action of Electrolytes

The relation between electrical processes and various coagulation phe-

nomena, especially acid coagulation of Hevea latex, have been considered by

numerous authors.

Upon the addition of acids to Hevea latex, coagulation begins as soon

as the pH value sinks to about 4.8, and occurs rapidly at a pH of 4.5. If the

pH sinks lower, however, coagulation is again retarded, and at a pH of 3 the

latex can remain liquid for several day^s. Coagulation again occurs upon

further addition of acid. Latex, which, upon the addition of large amounts

of acid, does not coagulate, is designated as latex of the second liquid zone,

and the coagulation taking place upon a still greater addition of acid is desig-

nated as coagulation of the second zone. It was established by V. Henri
that the rubb^er particles move to the anode upon the passage of an electrical

current through Hevea latex. The particles are therefore negatively charged.

According to W. N. C. Belgrave,-^^ a reversal of the charge on the rubber

particles occurs in the second liquid zone.

R. G. Fullerton* [QiiarL J. Rubber Research Inst. Malaya, 2
, 158 (1930)] has re-

cently studied the effect of hydrogen ion concentration on the coagulation of fresh, of

preserved, and of centrifuged latex, using the quinhydrone electrode. It was observed

that with fresh latex of from 4 to 35 per cent rubber content the range of pH values

defining the transitional stage between the first liquid zone and the zone of complete

coagulation increased as the rubber content of the latex increased. On the other hand

the range of values defining the condition of flocculation decreased as the rubber content

increased until a rubber content of 15 per cent was reached, at which point this stage

disappeared. It was found that there was no second zone of complete dispersion with

latices of 20 to 35 per cent rubber content. With latices of greater dilution dispersion

was complete in the second zone (pH 3.5 to 1.0). Latex preserved with ammonia be-

haved in the same way as fresh latex, but latex preserved with formalin and diluted to

10 per cent rubber content would not coagulate at any pH lower than 7.0. Latex pre-

served with sodium hydroxide coagulated normally in the two zones of coagulation but

had no second liquid zone. Centrifuged latex behaved in the same manner as did latex

preserved with sodium hydroxide.

Hauser, E., “Latex,” p. 95, Th. Steinkopff,
Dresden and Leipzig, 1927.
Cf. G. S. Whitby, Kolloid-Z., 12, 156 (1913);
H. Freundlich and E. Hauser, Kolloid-Z., 36,
(Supplementary volume), 18 (1925); O. de
Vries and N. Beumde-Nieuwland, Arch. Rub-

bercultuur, 10, 503 (1926).
Compt. rend., 144, 431 (1907) and “Lectures

on India Rubber,” edited by D. Spence,

p. 203, 1909.
Malayan Agr. J., 11, 348 (1923).

* Translator's note by H. W. G.
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In the acid coag-ulation of Hevea latex, the question is one of a so-called

“irregular” series, such as has also been observed in the case of the agglutinat-

ing bacteria. Hauser concluded, from the similar behavior of these bacteria

and the rubber particles, that the latter are also surrounded by an adsorption

hull of protein. It may be assumed with great probability that this adsorp-

tion hull plays a large role in coagulation with acids, as was mentioned on

page 98- The investigations thus far conducted do not permit the making

of any positive deductions regarding the changes taking place in this hull

upon the addition of acids. Evidently a part of the materials dissolved in

the serum (such as the proteins, which may exert an influence on the con-

sistency of the coagulum) are also precipitated upon the addition of acids.

The acid added for coagulation is not entirely chemically combined, but

is partly adsorbed. It is difficult to remove the adsorbed part from the

coagulum by washing or dialysis.

Hydration

Ordinarily it is not easy to judge by experiments with dehydrating elec-

trolytes whether the changes produced by them in latex are to be traced to a

change in hydration or to ionic action. Dehydration is probably the factor

involved when (as observed by O. de Vries and N. Beumee-Nieuwland
pieces of potassium and sodium hydroxide are placed in undiluted latex and
immediately become covered with a thick layer of coagulated rubber.

Likewise, changes in hydration arc probably of primary importance in

coagulation caused by alcohol. Whether it is the proteins or the rubber itself

which becomes dehydrated remains a question. O. de Vries and N. Beumee-
Nieuwland offered the view that a change in hydration of the rubber particles

is the major consideration. In support of this view they cite the facts that

the rubber obtained by coagulation with alcohol is not distinguished by an

especially high nitrogen content, and also that latex almost completely freed

of nitrogen-containing material is coagulated in the sanie way as fresh latex.

These authors did not express an opinion regarding the mechanism involved

in this change in hydration.

Separation of Serum from the Coagulum

It has been observed by various workers that serum separates from the

coagulum before, during, and after rolling. In the f, 'Towing section, an
explanation of this observation is sought on the basis of the assumption that

the fresh coagulum consists of a network structure of rubber particles with
serum filling the meshes of the network. (See p. 95.) The coagtila have
structures like those of bath sponges but differ from the latter by having
greater fineness of pores and also by the fact that their “girders,'' when they
pme in contact, fuse together and thus bring about a considerable decrease
in capillary space, but an increase in the strength of the network. The frame-
work substance can contain water (water of imbibition) in various amounts.
This water can escape from the structure particularly by transpiration.

The case in which a pressure is exerted on a small strip of coagulum, for
example a sheet passing through the rolls, is first to be considered. It is

manifest that the serum is pressed into the capillary spaces of the adjacent

“’ See W. Crossley, India Rubber 18, 11 Arch. Rubberculiunr, 11, 497 (1927).
,(1911).
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parts of the sheet, whereby an increase in capillary spaces contained in them
is produced and a considerable stretching of the rubber network results.

Consequently, serum must flow from both sides of the strip on both sides of

the compression zone. In fact, the amount of serum flowing from the unrolled

part is greater than from the part already rolled, since shrinkage of the

capillary space is involved in the rolling.

Since the sheet after pressing has a fixed thickness, it is conceivable that

the flow in the capillary spaces (which set up a greater or smaller resistance to

the movement of the serum, according to their width) requires a certain

amount of time and that the complete release from stretch of the inner part of

the rubber network takes place only after a longer time.

Such a long-continuing separation of serum from sheets of Manihot
Glaziovii was observed by the author,^®® This could also be observed when
the sheets were placed under water after rolling. If the sheets were dipped

in hot water for a few minutes, a pronounced separation of serum immediately

took place. This apparently is to be traced to the '‘girders” of the rubber

structure contracting until the rubber was completely solidified.

Similar observations were made by O. de Vries on wet sheets of Hevea
rubber. He observed that liquid was absorbed when such sheets were stretched

and an increase in capillary space evidently thereby produced. As soon as

the tension of the sheet was released and the meshes were again contracted

the liquid was given off once more. The further observation of de Vries

that upon bending a freshly prepared sheet serum flows out only on the con-

cave side, and that this serum is again absorbed when the sheet is bent in the

opposite direction may be explained in the same manner.

A further flow of serum from sheets hanging in the air can occur, since

the outer layers contract through loss of water and exert a pressure on the

inside. This behavior is even more striking in the case of wet balls of rub-

ber. The author, for example, has observed a pronounced spontaneous

separation of serum from balls of Manihot Glaziovii obtained by the Lewa
method. The previously mentioned "sweating” of the large balls of Para

rubber may be explained in this manner.
According to O. de Vries, it is possible for the coagula from diluted

latex to contract with loss of serum, even when no pressure is exerted on

them, and also when they are dipped entirely under water so that evaporation

is prevented. The explanation of this observation is that chemical changes,

which lead to compression of the rubber, are taking place in the rubber net-

work. In fact, it was observed that the sheets gradually became more solid

while immersed. The fact that such a contraction does not take place in the

coagulum from undiluted latex depends upon the fact that the rubber net-

work possesses such strength to begin with that upon maturation no further

structure changes take place.

The structure of the rubber network appears to be of significance for the

drying of rubber, which depends upon transpiration. It is known that crepe

rubber dries more quickly than sheets of the same thickness. This is at-

tributed largely to the fact that a porous structure is acquired through die

continued rupture and re-uniting of the rubber network in the preparation

of the former.

Pflanser, 8, 389 (1912). Pflanser, 8, 394 (1912).
de Vries, O., “Estate Rubber,” p. 233. de Vries, O., “Estate Rubber,” p. 231.
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The Origin of the Nerve of Crude Rubber

Coagula made from the same latex usually possess greater nerve the less

water they contain.^ A rubber coagulum made from Hevea latex by coagula-

tion with acetic acid is a white, scarcely elastic, and easily ruptured mass.

Upon pressing the coagulum between rolls, however, it can be observed that

the nerve of the sheet increases immediately. A further, usually very marked
increase in nerve takes place upon complete drying of the sheet. It can be

assumed on the one hand that with the loss of water the fibers in the rubber

network contained in the rubber “curd'' come more and more together and

fuse, and on the other hand that the fibers themselves steadily become
stronger through loss of their water of imbibition. However, the rubber

particles themselves and the foreign substances contained in the rubber net-

work may play a role. Still, it is worthy of note that rubber from which
almost all foreign substances, especially nitrogen-containing compounds, have

been removed as completely as possible in its preparation can possess nerve

to a pronounced degree.

The nerve of crude rubber is largely dependent upon the method of prepa-

ration used in all cases. It is known that crepe rubber, in the manufacture of

which a continuous rupture of the rubber takes place, possesses a correspond-

ingly small nerve. In contrast, rubber in the manufacture of which the latex

or the still wet coagulum is heated, is usually distinguished by great nerve.

Crepe rubber acquires greater nerve if, after drying, it is heated and pressed.

To explain such a process, F. Kirchhof assumes that through the mechani-

cal working of the rubber the hulls surrounding the individual rubber par-

ticles are ruptured so that a fusion of the inner parts of the particles can

take place. In fact, it has been stated that rubber particles lose their origi-

nal shape and burst upon drying. However, this assumption does not explain,

among other things, the fact that the cream collected on the filter from floccu-

lated rubber particles can be united with a light pressure of the fingers to

form rubber which exhibits good nerve when dried.

The view was expressed by C. O. Weber that in the development of

nerve in rubber a polymerization of the rubber molecules takes place. He
based this view on the fact that strengthening of the coagulum during rolling

takes place rather suddenly, and that the hydrocarbon in latex, in contrast to

that in crude rubber, is insoluble in ether. The correctness of the latter

statement has been disputed by various workers, such as R. Ditniar,^®^ A. W.
K. de Jong and W. R. Tromp de Haas,^®® C. Harries, W. Esch and A.
Chwolles,^^^ and others. Harries emphasized that by treating fresh latex

with ether a colloidal solution is immediately obtained, from which it fol-

lows that the molecule of this substance is fairly large and cannot be a

diterpene, C20H32.

According -to E. Fickendey no change in volume and no increase in

temperature takes place upon conversion of liquid rubber into tough, elastic

rubber.

The term “nerve” as applied to rubber car-
ries with it the conception of toughness ac-
companied by elasticity.

*'^Kolloid-Z., 35, 367 (1924).
India Rubber World, 68, 706 (1923).

36, 3108 (1903).

Chem. Ztg., 29, 175 (1905).
37, 3301 (1904).

Ber., 38, 1195 (1905), and Gummi-Ztg., 24,
850 (1910).
Gummi-Ztg., 19, 165 (1904).
Gummi-Ztg., 24, 851 (1910).

*^^Kolloid-Z., 8, 46 (1911).
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Methods o£ Converting Latex into Crude Rubber

Hevea

The Brazilian Smoking Method

In the virgin forests of Brazil the smoking process for the coagulation of

Hevea latex has been used without variation for a very long time. According
to Labroy and Cayla,^^^ the smoke used is obtained by burning such materials
as wood rich in resin (species of Silvia, Mimiisops, Tecouia and others), the

fruits (nuts) of the palms (Attalea excelsa, '^urucuri/^ Maximillana regia

Astrocaryiim Tuciima, Orbignya speciosa), or the shells of Brazil nuts
(Bertholletia excelsa). By making use of a funnel-shaped flue the fire is so

regulated that the smoke leaves in the form of a thick cone. (Fig. 36)

Figure 36—Smoking of latex in the

Amazon territory.

(Courtesy of H. Schiiler.)

In order to bring the latex into the smoke, the native uses a spade-shaped
instrument, consisting of a wooden disc fastened to a long handle. This

instrument, after being covered with a layer of latex by a pouring or dipping
process, is rotated in the cone of smoke until the latex is entirely coagulated
and sufficiently dried. This disc is then covered with another layer of latex

and the smoking repeated. This process is continued until all of the latex

collected that particular day has been coagulated. The ball of rubber obtained

is enlarged by a continuation of the process on succeeding days, usually until

it has attained a weight varying from 10 to 30 kg. Sometimes these balls

may weigh as much as 50 kg. As soon as the desired size has been obtained, a

pt is made with a sharp knife in the side of the ball opposite the handle. This

incision is large enough to allow the disc and handle to be pushed out of the'

ball. The rubber is then dried for some time in the air, a part of the moisture

contained in it being ^‘sweated out'" in the process. After this drying, the

rubber is ready for shipping.

“Culture et Exploitation du Caoutchouc au Paris, 1913.
Bresil,” p. 49, Societe General d’lmpression.
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The coagulation of the latex is apparently brought about by the increase

in temperature and the action of the chemical agents present in the smoke.

According to R. H. Biffen,^^^ acetic acid, creosote, and traces of pyridine

derivatives are contained in this smoke. The temperature of the smoke is

about 65° C., according to G. S. Whitby.^^®

The systems of classification of the different commercial grades of rubber

are dependent upon: (1) the botanical source of the rubber, (2) the degree

of care used in its preparation, and (3) the region from which it is obtained.

According to the botanical source the rubbers may be classified as :

(1) Fine Para, from Hevea brasiliensis and H. Benthamiana;

(2) Weak Fine, from H, guyanensis, or from a mixture of this species

with one of the above ;

(3) Weak, from other species of Hevea. This rubber is not important
commercially.

According to the care used in preparation the following kinds may be
distinguished

:

(1) Hard fine Para. This grade consists of balls obtained by the smok-
ing method, the greatest care being used in their preparation. "These balls

exhibit on the outer parts a dark brown coloration, which shades into an
amber-yellow on the inside. Upon cutting through the balls it can be readily

seen that they are made up of numerous concentric layers.

(2) Medium Para. Balls prepared by the smoking method with less

care and usually containing pasty or spongy places are included in this class.

(3) Coarse Para (Sernamby, Scrap, Negro heads). This grade con-

sists of rubber coagulated on the bark or in the vessels used for receiving and
collecting the latex. It is pressed together without smoking and is usually

very dirty.

According to the region from which they are obtained, it is customary to

divide the rubbers into Islands soft cure, obtained near the mouth of the

Amazon River, and Upriver hard cure, which originates near the head
waters of the tributaries of the Amazon. The latter is especially prized and
commands the highest price of all the grades of rubber on the market.

Preparation by Coagulation with Acetic Acid

Until quite recently, by far the greatest part of the Hevea plantation rub-

ber was coagulated with acetic acid. In the last few years acetic acid has
been replaced more and more by formic acid. Since the process is essentially

the same with formic as with acetic acid, and since the investigations thus far

described in the literature have had to do principally with coagulation by means
of acetic acid, this latter coagulant is discussed first in that which follows.

On the plantations of the Middle East, the first step in the manufacture of

rubber from the latex which has been brought to a plantation factory is

straining to remove various impurities and lumps of rubber formed by spon-

taneous coagulation during transport. For this purpose screens of metal
gauze, or perforated metal plate with holes of different size, are generally

used (Fig. 37). As examples may be mentioned screens containing 25, 100
and 150 holes per square centimeter. Devices which greatly hinder plugging
oi the screens and make exchange of screens easy have recently been recom-
mended.®^®

Botany, 12, 165 (1898). Arch. RubbercuUuur, 10, 229 (1926); 11,
'^Kolloid-Z., 12, 148 (1913). 107 (1927).
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Figure 37—Straining the latex into the coagulating tank.

(From the motion picture film of E. Hauser.)

The filtered latex is then united with other portions of similarly treated

latex in a collecting tank or mixing trough. In Java this tank is frequently
lined with acid-resisting tile or porcelain-glass. In this container the latex

is thoroughly mixed in order to compensate for the probable lack of uni-

formity in the concentration and composition of portions obtained from dif-

ferent trees. The latex is then diluted with water to the definite concentration
desired. For this dilution, and also for the subsequent washing, the purest
water available is used. Water which contains slime is to be avoided, or at

least must be clarified with alum before being used. Water rich in lime is

also said to have a deleterious action. A method for removing the lime from
such water has been described by J. C. Hartjens.^^”^

Bringing the latex to a definite concentration before the addition of the

coagulating material is recommended. The reasons for this step are that

the quantity of acetic acid required is dependent on the rubber content, and
the properties of the coagulated material and of the vulcanized product pre-

pared from it can vary considerably if the same quantity of acid is not

allowed to act upon a latex of the same rubber content. In order to maintain
a constant rubber content, the concentration of th^ thoroughly mixed latex

must be determined daily, since this concentration, even in the case of latex

from the same planting, can vary greatly with the weather, the age of the

trees being tapped, and the frequency of tapping. The methods used for

this purpose have already been described on page 60 .

The smaller the rubber content of the latex, and the smaller the quantity

of acetic acid used, the slower in general is the rate of coagulation. If the

decomposition phenomena leading to spontaneous coagulation are avoided,

the addition of an insufficient quantity of acid will generally not form a coher-

Arch, Riihhercultuur, 4, 397 (1920 ).
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eiit
coaguluni, and the seruni will remain clouded by rubber particles or ag-

gregates of particles. The richer the latex is in rubber and the greater the

amount of acetic acid added, the greater will be the solidity of the coagulum.

On the other hand, the quantity of acid required for coagulation (when calcu-

lated on the basis of the amount of rubber produced) seems to be, for all

practical purposes, the same for diluted and undiluted latex.

Concentrated latex is coagulated so quickly by the addition of acid in large

quantities (if the latex is stirred steadily during the process) that clump
formation and non-uniforrn coagulation can readily take place. Moreover,

the difficulty with which air bubbles escape from the coagulum constitutes

another disadvantage when concentrated latex is used for the manufacture

of sheets. When the coagulation is too slow, or there is too much delay in

the manufacture of the rubber, decomposition phenomena capable of altering

the properties of the resulting rubber can take place (as is also true in the

case of spontaneous coagulation). Therefore, in order to obtain a product

of the greatest possible uniformity, it is strongly recommended that on every

plantation the same concentration of latex and the same time of coagulation

be maintained. The larger plantations should always employ a definite stand-

ard method, as has already been done in many cases.

The concentration to be used must be so chosen that the coagulum will re-

ceive, in the time available for further working, the most suitafie consistency

for the purpose in view. In other words, the concentration of latex employed
should vary with the product which is to be prepared from the latex. Among
these products, only sheets and crepe have a significant role at present. In

small factories the preparation of sheets is usually favored, because the ma-
chinery required is less expensive. Moreover, the quantity of rubber ob-

tained is about 1 per cent greater than in the case of the manufacture of crepe.

Transportation of sheets is cheaper, furthermore, since a case holding 100

kg. of smoked sheets is capable of inclosing only 75 kg. of crepe rubber. In

the large establishments the conversion to crepe is more in favor, owing to

the simpler and more rapid method of manufacture.

Hevea rubber, obtained by the use of acetic acid, also comes on the market
in various other forms to a greater or less extent. The various methods used
are described later.

Before going into this matter, however, some information relative to the

packing and transportation of the completed rubber will be presented. The
packing of the good grades of thoroughly washed plantation rubber is a

matter of importance. The room used for the examination and packing of

the rubber must be sufficiently well lighted so that exact work is possible,

although no direct sunlight should be allowed to fall on the rubber itself.

In the packing room, care should be taken to keep out damp air while pro-
viding good ventilation. The greatest degree of cleanliness must also be
maintained, so that no dust or other impurities can find their way into the
rubber.

The boxes used for the packing of rubber were formerly constructed
largely of native or imported wood. The wood of the Abies firma (the Japa-
nese name is “Momi”), imported from Japan, was especially desired. Before
filling with rubber, these cases are well dried in the sun. T, E. H. O’Brien
recommends that they be treated on the inside with a 0.5 per cent solution of

paranitrophenol before being used.

'^Rubber Rps. Scheme Bull., 42, 24 (1926).
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]\Iore recently, veneer chests have come into general favor. The walls of

these chests consist of layers of veneer wood glued together, the grain of the

outer layers running at right angles to that of the middle layer. By this means
a relatively great firmness is obtained with a comparatively small thickness.

At present all of the materials necessary for the construction of veneer chests

are furnished by the different firms in standard dimensions. Such being the

case, the same amount of rubber can be put in every container. The outside

dimensions of the chests are usually 19 x 19 x 24 inches, so that 7 chests

occupy approximately one cubic meter. The rubber is frequently pressed

into these cases by means of presses especially built for the purpose. Too
great a pressure is to be avoided, since cracking of the cases and sticking

together of the rubber can easily result. In order to utilize the space com-

pletely, the crepe and sheet rubber may be previously cut to dimensions cor-

responding to those of the chests. It is recommended that the chests be filled

with 70 kg. of thin crepe, 75 kg. of thick crepe, 100 kg. of smoked sheets, or

65 kg. of the lower grades of rubber.

Before the cases arrive at their final destination, some of them are often

damaged more or less during the loading and unloading. In the case of

first class rubber which is not to be subsequently washed in the factories, the

presence of splinters is especially undesirable. In order to avoid splinters,

it is recommended that the sheets or crepe be surrounded by a layer of the

same kind of rubber. By this means the material on the inside of the chests

is somewhat protected from penetration by splinters of wood. On the other

hand, wrapping the rubber in oiled paper and the like is not at all to be

recommended, since such materials easily stick to the rubber and can be re-

moved from it only with great difficulty.

In order to hinder the dried rubber from again taking up moisture from the

air, it should be packed as soon as possible, and the cases should be closed

at once. These latter are then to be carefully marked. Besides the name of

the plantation, the kind of rubber, and the net weight of the rubber contained

therein, it is desirable that the following warning be added : “Stow away
from boilers and the sun.'’

According to A. van Rossem, packing in mats, which has not been ap-

proved for first latex sheets on account of their greater stickiness, is not so

objectionable for first latex crepe. Packing in jute bags, which have been

powdered on the inside with talcum and starch, is more to be recommended,
however. An added advantage of these bags is that they may be sold after

use.

Sheet Rubber.'^ If sheets are to be prepared, the coagulum is gener-

ally allowed to form in rectangular “cakes." While undergoing washing,

these “cakes" are pressed out without being torn by passing through rapidly

rotating, even-speed washing mills. (Fig. 38.) In the case of sheets, a

special endeavor is made to have them always of the same thickness, so that

uniform drying will result. If the sheets are too thick, the drying is unduly

prolonged. On the other hand, sheets which are too thin may be pulled out

of shape or even torn apart by their own weight. A regular size of sheet is

necessary for satisfactory packing. For the coagulation in the case of the

See van Rossem, A., “Die amerikanische
Gummiindustrie tind ihre wissenschaftliche
Arbeit,” (German by M. Pick), Berlin, 1928 .

* Translator’s Note. A O'ery excellent discus-
sion of tbe manufacture of sheet rubber, with

pai'ticular reference to the economies which

have been necessitated by the recent
^

very

low price of rubber, is that of R. O. Bishop,

“Plantation Sheet Rubber Manufacture,’

Rubber Research Institute of Malaya, X932.—-V. N. M.
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Figure 38—Milling the cuagulum in the preparation of sheets.

(From the motion picture film of E. Hauser.)

preparation of sheets, use is made of shallow rectangular vessels of uniform
size. Each one of these holds the definite amount of latex which is required for

the production of a single sheet. Vessels made of aluminum seem to have
been most generally approved. In more recent times, containers of greater

size are often used. These are divided by means of regularly arranged parti-

tions into uniform divisions, each one of which yields one sheet.

The sheets are ordinarily smoked during drying (smoked sheets) in order

to give them a uniform color and to hinder the formation of molds and bac-

teria as much as possible.

In the method for the preparation of uniform sheets especially recom-
mended by O. de Vries, the first step is to bring the thoroughly mixed
latex to a rubber content of 15 per cent by the addition of water.®^^ The
purest possible water is used for the dilution as well as for the subsequent
washing. For the coagulation, sufficient acetic acid (in the form of a solu-

tion having a concentration of about 1 per cent) is added so that each liter

of diluted latex receives 0.8 to 1.2 cc. of pure acid. The same amount of

latex is always introduced into each coagulating pan. After a few hours, the

coagulum has attained a consistency such that it can be handled in the wash-
ing mill. The sheets are always put through smooth rolls the same number
of times (about 3 or 4), with the rolls at fixed distances. (Fig. 38.) They
are then allowed to pass once through a mill with grooved rolls. The ribbed
surfaces thus obtained give the sheets an advantage over smooth ones in that
the increase in surface makes faster drying possible and the tendency to stick

deVries, O., “Estate Rubber,” p. 326. at present. To each liter of 20 per cent

j, . .
latex is added 1.25 to 1.75 grams of pure

A dilution to 20 per cent is more common acetic acid.
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together after drying is less. The distance between the rolls is so regulated

that the sheets, after drying, possess a thickness of 3 to 4 mm., measured be-

tween the ribs.

According to G. A. Sackett,t who recently returned to America after 3 years in the
Middle East, one of the recent developments in plantation practice involves use of sheet-

ing machines in series. Since the machines are synchronized so as to operate continuously
on the same coagulum and a certain amount of hand labor is eliminated by having theii

in series, this arrangement has led to an increase in the capacity of the machines and to

a decrease in the cost of making the sheets.

After rolling out, the sheets are allowed to lie overnight in running water,*

if such is available, or at least in water which is frequently changed. During

this process they must not be packed too closely together. It is essential that

the water should have free access to every sheet. By means of this immersion

in water, the serum constituents squeezed out of the rubber during contrac-

tion are removed. If not removed, these constituents tend to remain on a

sheet after drying -and give to it a greasy surface. Not only the serum con-

stituents on the surface, but also those in the rubber near the surface, arc

washed out to some extent in this process. To accomplish the same results,

dipping of the sheets in water at to 100*^ C. has also been suggested. The

quality of the rubber is lowered by this latter method, according to 0. de

Vries.®22

Figure 39—Bringing the sheets into the smoke-house.

(From the motion picture film of E. Hauser.)

On the following morning, the sheets are removed from the water and

hung up to drain for from one to three hours, after which they are taken to

the smoke house for drying and smoking {see Fig. 39). During the first few

days in the smoke house, good ventilation should be provided, and the tern*

t Private communication to the translator. * Translator’s Note. On many modem estates,

de Vries, 0., “Estate Rubber,” p. 305. less time is allowed. — V. N. M.
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perature should not be too low. The quickest possible drying is necessary,

since otherwise the high water content (generally 20 to 30 per cent) will al-

low chemical changes to take place. The temperature o£ the smoke house

must always be carefully controlled, the optimum temperature being 40° to

50° C If the temperature rises above 60° C., the sheets frequently become

so soft that their own weight causes them to become elongated. The prop-

erties of the rubber do not seem to be appreciably changed by exposure to

such a temperature, however. For the production of the smoke, use is made
of fresh wood, cocoanut shells, etc.

Before transportation the sheets may be brought by trimming to an exactly

uniform weight.

In supplementing the previous instructions, it may be mentioned that the

use of an anti-coagulant will hinder the spontaneous coagulation of an appre-

ciable part of the latex, which coagulation tends to take place when the

weather is hot. In the case of the preparation of sheets, soda is the usual

anti-coagulant. For each liter of latex, 5 to 10 cc. of a soda solution (10
grams of anhydrous or 27 grams of hydrated sodium carbonate per 100 cc.

of water) are used.

The addition of a bleaching agent, such as sodium bisulfite, is not advisable,

since the time of drying is thereby considerably prolonged.

As previously mentioned, the immersion of the sheets in water removes
part of the serum constituents. The resulting decrease in the weight of the

dried sheets is said by de Vries to be from 1/2 to 3 per cent. The rate of

vulcanization of the rubber is simultaneously decreased. If the preservation

under water is prolonged, however, an acceleration of vulcanization can again

take place. The products ,of maturation, which are removed only slightly by
the water, are the agents which bring about this increase in rate of vulcan-

ization.

The following requirements for a smoke house have been put forward by

J. C. Hartjens and E. Goebel (1) it must stand on dry, well-drained land,

be thoroughly ventilated, and be protected against the danger of fire as

effectively as possible; (2) the use of smoke-producing materials must be as

small as possible; (3) the production of smoke should be so controlled that

the smoke will be well distributed. These authors also describe the construc-

tion of a satisfactory house.*
As has been shown by A. J. Ultee,^^^ an increase in weight of 0.5 to 0.75

per cent occurs during smoking, the increase resulting primarily from the

absorption of acetone-soluble compounds. Further drying of the sheets in

smoke-free air is not desirable, since such a process would remove a large

part of the disinfectant constituents absorbed from the smoke. It is best to

pack the sheets on the day they come out of the smoke house.

When sheets have mold on their surfaces, the recommended treatment,

according to F. C. van Heurn,^^® is to wipe them off with a damp cloth and
then bathe them for a short time in a solution containing 1 volume of formalin
in IS volumes of water. The use of a solution of calcium permanganate for

this purpose is reported by P. Arens to yield unsatisfactory results.

^^Arch. Ruhbercultuur, 3, 339 (1919).

^•*Arck Rubbercultuur, 4, 140 (1920); also
T. E. H. O’Brien, Rubber Res. Scheme

Bull., 42 and 44 (1926).

^•^Meded. Besoekisch Preefsta. Rubberserie,
No. 31 (1923).

* Translator’s Note. For a more recent discus-
sion of the construction of smoke houses, the
reader is referred to R. O. Bishop, “Plan-
tation Sheet Rubber Manufacture,” p. 44, 60,

61, Rubber Research Institute of Malaya,
1932 .

Arch. RubberctilUiur, S, 74 (1921).
827 Agr. Bull. Federated Malay States, 5, 1 (1917).
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Crepe Rubber. For the preparation of crepe rubber, the mills used

have rolls of uneven speed and are provided with means for continuously

washing the rubber. In these mills the coagula are completely torn to pieces,

then rolled out into thin sheets for thorough washing, and finally reunited

into thick crepes by the milling together of several layers. Crepe rubber also

differs from sheets in not having such smooth surfaces and in not usually

being smoked.
Since the form and size of the coagula in crepe manufacture are not im-

portant, the coagulation is usually carried out in large tanks or other vessels

(Fig. 40). A standard dilution of the latex to a rubber content of 15 per cent

is recommended. Latex containing 20 or 25 per cent rubber or even undiluted

latex can be used, provided the latex from the particular source under con-

sideration does not exhibit very much fluctuation in rubber content.

By regulating the concentration of the latex, the quantity of acetic acid

added, and the time before milling, it is possible to bring the coagulum to the

consistency most favorable for working. When the mill available is one

which can exert no great pressure, a softer coagulum will be necessary than

when a stronger mill is used.

Figure 40—Removing the coagulum from the coagulating tank.

(From the motion picture film of E. Hauser.)

According to the standard method recommended by O. de Vries, the

latex is first thoroughly mixed and then diluted to a rubber content of 15

per cent. Sufficient sodium bisulfite is added to bring the concentration of

this salt to 1/2 to 1 gram per liter of diluted latex. The sodium bisulfite

prevents the later darkening of the rubber and also exerts a disinfectant

influence. Although the time of drying is increased by this treatment, it is

not a matter of consequence, as crepe rubber is naturally rapidly drying.

S2S Vries, O., “Estate Rubber,*’ p. 283*
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For the coagulation a 5 per cent vSoliition of acetic acid is added to the

diluted latex ("final concentration of undiluted acetic acid—0.6 to 1.0 cc. per

liter of latex). In order to distribute the coagulating agent uniformly through

the latex, thorough stirring during and immediately after mixing is recom-

mended. By following these directions there is obtained a coagulum which

is ready for further working, either on the same day or early the next

morning. It is recommended in this connection that approximately the same

time should always be allowed, although latex treated with sodium bisulfite

does not yield rubber easily injured by variation in the time elapsed before

the coagulum is worked.

As previously mentioned, the further processing of the coagulum is carried

out on a mill having rolls which rotate at uneven speed. The coagulum is

torn into pieces under a spray of water, which prevents the development of

too much heat. De Vries states that heating to 50*^ C. is not deleterious

to the rubber. The various parts of the coagulum are rolled out into thin

pieces of crepe. These are subsequently milled together more or less into a

heavier crepe, which should have, after drying, a thickness of about 1 to

2 nm {see Figs. 41 and 42). The extent of the working of the rubber be-

tween the washing rolls appears to have little effect on its quality.

Figure 41—Milling and washing the coagulum in the case of the production

of crepe rubber.

(From the motion picture film of E. Hauser.)

It is not necessary to soak crepe in water after milling, since it is washed
so much more thoroughly than sheets during the milling process.

Since crepe rubber, when delivered from the mills, contains relatively little

water (generally 10 to 20 per cent) and is, as a consequence of its porous
structure, faster drying than sheets, decomposition reactions during drying
are not much to be feared. Crepe rubber can therefore be dried at room

de Vries, O., ‘‘Estate Rubber,’* p. 271.
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Figure 42 (Above)—Milling and wash-

ing the coagulum in the preparation ot

crepe rubber.

(From the motion picture film

of E. Hauser.)

Figure 43 (Left)—Drying room for

crepe rubber.

(Courtesy of E. Hauser.)

temperature in well ventilated rooms from which sunlight is excluded. {See

Fig. 43.) Warm air at a temperature of about 50° C. is, however, often in-

troduced into the drying house to accelerate the drying of the rubber and to

prevent bacterial infection and the formation of molds. Vacuum chambers

are also used for drying, although this method seems to have been largely

abandoned since the advent of the sodium bisulfite treatment.

When, in the manufacture of crepe, it is desired to carry out the coagula-

tion every second day rather than every day, it is necessary, according to

O. de Vries and N. Beumee-Nieuwland,®*® to add 0.07 per cent of ammonia

to the latex in order to prevent premature coagulation. The extra costs aris-

ing from this ammonia and from the additional acid required for coagulation

may be greater than the savings in factory operation which are made possible

by the delay.

Arch, Riibbercultuur, 11 , 317 (1927).
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3iscuits. In earlier days, before the use of machinery had become
creneral, a considerable part of the plantation rubber was prepared by coagu-

fating the latex in circular pans and freeing the resulting flat coagula from

serum as completely as possible by pressing them on level tables with wooden
rollers, bottles, etc. “Biscuits” is the commercial name for the round cakes

of rubber thus obtained. At present they are only prepared by the natives,

and on plantations so small that the establishment of a large factory would

not pay.

Blanket Crepe and Sole Crepe Rubber. In order to save space during
transportation, thin layers of crepe are sometimes pressed together, after

drying, into “slabs” having a thickness of 4 to 5 mm. This pressing together

is "preferably carried out under a stream of water in order to prevent the

rubber from becoming too hot. The thin layers of crepe dried under vacuum
are usually also milled together to some extent.

The unvulcanized crepe used for shoe soles is prepared from thin crepe in

a similar manner.^^^ The preparation of sole-crepe, which originated in

Ceylon during the war, has l^ecome a matter of greater importance in recent

years. The usual standard dimensions of sole-crepe are 13x16 inches. The
thickness may be 1/8, 3/16, 1/4 inch or greater. A uniform, clear, light

color is one of the primary requisites of a good sole-crepe.

Block Rubber. Block rubber is usually prepared by pressing together,

while still warm, crepe rubber which has been dried under a vacuum. Special

block presses, producing blocks with a thickness of about 5 cm., are used.

These blocks are convenient for transportation, l3ut possess the disadvan-

tages of having to he cut up again before use, and of being difficult to examine
for impurities, especially when they have large dimensions.

At the present time, rul)ber which retains moisture tenaciously is often

worked up into blocks. When the water content of these is large, there may
occur decomposition reactions, which tend to result in a more rapid rate of

vulcanization. The addition of creosote, etc., is recommended for the purpose
of preventing putrefaction. Whether this type of rubber possesses advan-
tages over sheets and crepe for certain uses does not seem to have been
established with certainty.

Slab Rubber. At times, rubber is brought into the market in the form
of cakes 1 to 2 cm. thick (slab rubber). This rubber is obtained by allowing

the coagulum to pass once or twice through a mill with rolls of even speed,

which are set rather far apart. Only a small proportion of the serum is ex-

pelled by this process. After surface drying, 10 to 12 per cent of water
remains in the slabs. The ensuing maturation process (see p. 102) leads to the

formation of natural accelerators. According to W. Spoon, longer preser-

vation of the slabs in the tropics permits of considerable decomposition, with
eventual tackiness developing on the surfaces, while the inner portions re-

main practically unchanged in properties. The disadvantages of slab rubber
are that considerable power is required to sheet it out, and the sheets so pro-
duced are slow in drying. This type of rubber appears on the market but
rarely.

The By-Products and Their Handling. Although most of the latex is

handled according to the methods described above, some of it is unavoidably
coagulated at the tree or during transportation from the tree to the factory.

Varying somewhat with the method of handling, the coagula are more or

India Rubber World, 69, 791 (1924). Arch, Rubbercultuur, 11, 73 (1927).
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less contaminated with foreign matter and lacking in uniformity. A usable

rubber can nevertheless be prepared from most- of these by-products. They
may be divided into the classes described in the following paragraphs.

^'Scrap’^ is the designation of that kind of rubber which is formed by the

drying out of the latex on the bark at the tapping cut. It can be collected

either on the day it is formed (in which case a further flow of latex is often

excited) or preferably on the following morning, immediately before a new
cut is made. This kind of rubber is variable in color and quality.

The latex which drops from the tree or is spilled from the cups on the

ground yields the so-called ''earth” rubber which, even after washing, is

mixed with sand. Since this rubber is not collected every day it is ordinarily

lacking in uniformity and is of small value.

The rubber which can be recovered from the strip of bark removed in tap-

ping is known as *Tark” rubber. It is obtained not only from the inner part

of the strip of bark, but also, to a considerable extent, from the residue of

rubber remaining on the bark after removal of the “scrap’’ rubber. On many
plantations, the strips of bark must be delivered by every tapper, a check on

the accuracy with which he has followed directions being thus possible. The
bark is usually finely ground in a macerating machine under a considerable

stream of water. The bark particles are floated away and the rubber is

pressed together by this process. The rubber thus obtained is generally mixed

with pieces of bark, and is of smaller value than “scrap” rubber.

“Lump” is the term applied to coagulated rubber removed from the latex

by the strainer. It consists chiefly of rubber formed by evaporation and by

spontaneous coagulation and is usually contaminated with pieces of bark,

leaves, insects, etc. Its color varies from yellow to dark brown.
Rubber obtained from the scum which collects on the surface of the

coagulation tank is designated as “scum” rubber. This scum must be re-

moved, particularly in the case of the preparation of sheets, since no bubbles

of air should be introduced into these sheets. A rubber having good prop-

erties is obtained by treating the removed scum with acetic acid. This

rubber usually has a dark and irregular color, however. Less satisfactory

properties are exhibited by the rubber obtained from the scum which forms

immediately after the addition of acetic acid to the latex. This scum generally

contains flocculated rubber to some extent.

When the collecting vessels are not washed out in the factory, a layer of

rubber, known as “cup film,” is usually formed by evaporation. Such rubber

exhibits properties similar to those of “scrap” rubber.

Upon cleaning the vessels used for collecting and handling the latex there

is obtained a contaminated, diluted latex, which can be coagulated with

acetic acid. The quality of the rubber (designated as “washings”) thus

obtained is generally far from uniform. If it has not been too greatly con-

taminated by earth, muddy water, etc., this rubber may possess fairly good

properties.

The by-product rubbers mentioned above are ordinarily worked into crepe,

a specially constructed scrap-washer now being used for the purpose. Prod-

ucts of similar quality may be segregated before handling, or all types may be

mixed together on this washer. “Earth” rubber, which often tends to be-

come soft and gelatinous, is kept separate from the others. The rubber

obtained by the combination of mixed by-products is called “compound”

rubber or “compo.”
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Use of Other Coagulating Agents

Numerous investigators have interested themselves in the possibility of

replacing acetic acid by some other coagulating agent. Since the action of

acetic acid has been studied in such detail, and since this acid, when properly

used, yields a first-class product, other coagulants are able to come into use

only'when they can either produce a more suitable rubber for the industry,

or for some particular use at least, or when they can yield a rubber just as

good at a lower price. A further requirement of a satisfactory coagulant is

that slight variations in the quantities used (a circumstance difficult to avoid

in practice) should not result in a lack of uniformity in the product.

In considering the coagulating agents which have been recommended for

use in place of acetic acid, first mention should be given to formic acid, which

is now used more extensively than acetic acid in the Netherlands East Indies.

The salts of fluosilicic acid have also been used to some extent.

Since it is felt that a review of experiments with other coagulants should

be of some practical interest, a survey of all such agents is presented below.

Before discussing them individually, it should be mentioned that the strong

acids coagulate latex completely, whereas most alkalies (ammonia, for ex-

ample) protect against coagulation, and salts coagulate only at high concen-

trations. Table 5, which was compiled by P. Schidrowitz,^^® summarizes the

values reported by different authors for the quantities of various coagulants

required to produce complete coagulation of one liter of latex containing 30

per cent of rubber.

Table S .—Coagulating Effect of Various Substances.

(No. grams of coagulant per liter of 30 per cent latex.)

Eaton Morgan Parkin Beadle & Stevens
Acetic Acid 1.0 1.0 9.0 1.5 - 6.0

Formic Acid 0,6 0.8 4.5

Hydrochloric Acid 0.7 0.7 1.0 0.4 - 0.5

Hydrofluoric Acid 0.5 0.5

Nitric Acid 1.0 1.0 3.0

Sulfuric Acid 0.9 1.0 1.0 0.5 ->10
Calcium Chloride 5.0 5.0

Ammonium Sulfate 10.0 10.0

Tannic Acid 1.0 1.0

Oxalic Acid 2.0

Tartaric Acid 2.5

Citric Acid 5.0

The discussion which follows provides further information regarding the

action of the individual reagents.

Formic acid. According to O. de Vries,^^^ the quantity of acid required
for a similar coagulation is three-fourths as great in the case of formic as

compared to acetic acid. Formic acid yields a rubber somewhat lighter in

color. Although it has been claimed that formic acid also has an antiseptic

action, this claim was not substantiated by B. J. Eaton,®^® who found the

quantity of acid remaining in the coagulum to be reduced by washing to such
a small trace that it had no influence on molds or bacteria. The physical

properties and the resistance to aging of rubber made with formic acid were
found by O. de Vries, W. Spoon and R. Riebl to be substantially the

“Rubber Recueil,” 370. No. 17, 16 (1912).
^deVries, 0., “Estate Rubber,” p. 180. Arch. Rubbercultuur,, 9, 763 (1925); 11, 354
^ ^ept. Agr. Federated Malay States, Sp. Bull., (1927).
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same as tliose of rubber made with acetic acid. In coagulating with formic

acid, O. de Vb'ies o])served in some cases a rather irregular behavior,

winch was perhaps attributable to the content of formaldehyde in the acid.

How extensive the use of formic acid in the Netherlands East Indies has

become is demonstrated by the statement of de Jong to the effect that 184

tons of formic acid and only 75 tons of acetic acid were imported for use on

the East Coast of Sumatra in 1927. In this same territory, according to D. F.

van der Burg,^*^^ 80 per cent of the plantations were using formic acid in

1927, the reason being that small savings apparently result from the sub-

stitution of this agent for acetic acid. This investigator stated that the appar-

ent savings were only an illusion, since his experiments indicated the corrosion

of metal parts (such as rolls, coagulating tanks, etc.), with which the formic

acid comes in contact, is much greater than is the case with acetic acid. It

seems not improbable, therefore, that formic will gradually be replaced once

more by acetic acid.

Oxalic, lactic, tartaric and citric acids also seem capable of yielding

good rubber. As a consecpience of their higher prices, they have so far been

used very little. Furthermore, the properties of the products obtained have

not been investigated thoroughly.

By the use of tannin there are precipitated certain serum constituents

which remain in solution in the case of coagulation with acetic acid. This

method appears so far to have found no place in plantation practice. B.
J.

Eaton states that its use leads to a pronounced darkening and oxidation of

the rubber.

Sulfuric acid appears to offer no particular advantage over formic acid.

The quantity of sulfuric acid required to coagulate one liter of latex (rubber

conte^it of 15 per cent ) amounts to 0.45 to 0.6 gram, according to 0. de

Vries.^-^^

The recent luw price of rubber and the consequent necessity for economy have prompted

J, L. Wiltshire to reopen the question of using sulfuric acid as a coagulant for latex.*

His experiments indicate that the cost of coagulation by means of this acid is but one-

half of that with formic acid and only one-third of that when acetic acid is used. For

several reasons, a small quantity of acid (about 2.7 grams of pure acid per pound of

dry rubber) was found to be most suitable. Although Wiltshire found it possible to pro-

duce rubber of good quality with this agent, provided sufficient care was exercised, his

realization of the prejudice existing against such a procedure prevented him from mak-

ing a direct recommendation in favor of sulfuric acid as a coagulant.

Hydrofluoric acid was recommended as a coagulating agent by D.

Sandmann,^^^ and was put on the market under the name of ‘Turub.'' The

rubber produced by this agent is said by F. Frank to be characterized by a

rapid rate of vulcanization. The high price and strongly corrosive action of

“Purub” has militated against its adoption by the industry.

Sulfurous acid, which can be introduced into the latex from a tank or

by burning sulfur and passing in the fumes, seems to yield good rubber, ac-

cording to O. de Vries.^^^ The determination of the exact quantity of this

material to be used is not an easy matter.

de Vries, O., “Estate Rubber,” p. 180.
India Cultures, 12, 1035 (1927).
India Cultures, 13, 161 (1928).
Dept. Agr. Federated Malay States, Sp. Bull.
No. 17, 17 (1912).
de Vries, O., “Estate Rubber,” p. 176.

Research Inst. Malaya, 4, 94 (1932),
* Translator’s note by V. N. M.

Tropenpflanser, 14 , 189 (1910).

Gummi-Ztg., 22, 1404 (1908).

de Yries, O., “Estate Rubber,” p. 18'6.
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Hydrochloric and nitric acids, on the other hand, produce inferior

rubbers. Boric and hydrocyanic acids do not bring about complete
coagulation.

Although carbon dioxide was recommended as a coagulant by W.
Pahl/^s complete coagulation is not accomplished by this substance.^^^

Of the salts which have been tested, sodium silicofluoride, which was
recommended several years ago by J. Edwardes,^^^ appears thus far to have

been the best. It is already used to a considerable extent. A cheaper price

than acetic acid and a certain degree of protection against molding and
against the formation of air bulMes are the advantages claimed for this sul)-

stance. According to H. P. Stevens,^^® coagulation with sodium silicofluoride

yields a rubber having a greater resistance to aging than rubber made with

acetic acid.

N. H. van Harpen recommended a solution of sodium silicofluoride

containing a small quantity of formic acid as a coagulant. Less formation of

bubbles and of mold is said to take place when this mixture is used in coagu-

lating latex. Furthermore, the subsequent darkening of crepe is less than

when formic acid is used. Smoked sheets show a darker color, however,

when made with this substance. Coagulation vessels of aluminum cannot

be used with sodium silicofluoride. On the other hand, zinc is a satisfactory

• metal for such vessels, inasmuch as it is attacked no more by this salt than

by formic acid.

According to L. R. van Dillon, C. Knaus, G. M. Kraay and R. Riel)!,**^’'^*

satisfactory coagulation by means of sodium silicofluoride is obtained with

diluted latex only. Even with latex containing but IS per cent of rub])er, the

coagulation was generally still incomplete upon standing one day. With
latices containing 12 per cent or less of rub])er the coagulation was complete

on the following day, at least, and sometimes even after a few hours’ standing.

In the case of 12 per cent latex, the requirement of sodium silicofluoride is

7 to 10 grams per kilogram of dried rubber. It is reported by A. W. K. de

Jong 351 latex with a rubber content of 20 per cent can be coagulated

with sodium silicofluoride, provided use is made of a heated solution or of

one to which formic acid has been added. In this connection, T. E. H.
O’Brien recommended that for the preparation of sheets from latex which
has been diluted to 1.5 pounds of dry rubber per gallon, 8 parts of sodium
silicofluoride and 1 part of formic acid be used for each 1600 parts of latex.

According to A. J. Ultee,^^^ magnesium silicofluoride, which has a

greated solubility than the sodium salt, is also of value.

Zentgraaf and W. Spoon report that alum is used for the coagu-
lation of latex by the natives of Sumatra. Latex which has been diluted

with an equal volume of water requires 3 to 4 grams of alum per liter for

coagulation, whereas that which has been diluted with 9 volumes of water
needs but 0.75 to 1 gram for each liter of diluted latex, according to O. de
Vries and N. Beumee-Nieuwland.®^® Spoon states that the only disadvantage

of rubber prepared with alum is its slow rate of vulcanization. The non-

See “The Rubber Industry” (ed. by J. Torrey
and A. S. Manders), p. 234, The International
Rubber and Allied Trades Exhibition, Ltd.,
London, 1911.
Compare de Vries, O., “Estate Rubber,” p.

.187.

Arch. Ruhhercultuur, 7, 202 (1923).
Bull. Rubber Growers’ Assoc., 8, 345 (1926).

^^Arch. Rubbercultuur, 10, 602 (1926); 11, 477

(1927) ; 12, 423 (1928).
Arch. Rv.hhcrcultunr. 12 , 61 (1928).
Arch. Rv.bberciilTV'.>r, 12

, 191 (1928).
^^^Trop, Agr., 70 , 235 (1928).
3B3 Mededeel. Besoekisch. Proefsta. Ruhherserie,
No. 1, 26 (1917).

^Rubber en Thee Tijdschrift, 9, 379 (1924).
Arch, Rubbercultuur, 9 , 555 (1925).
Arch. Rubbercultuur, 11 , 518 (1927),
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uniform product was formerly shipped almost exclusively to Singapore,

where it was worked by the Chinese into blanket crepe having a thickness of

6 to 9 mm. (“remilled rubber”). Rubber of this kind is graded according

to color as light brown, brown, darker brown, and black brown. Factories

for the preparation of this native rubber are also in operation in Sumatra.

According to W. Spoon,®®’' the number of such plants has increased consider-

ably in recent years.
* u i i.

The possible value of certain other salts as coagulating agents has also been

investigated. Information regarding the usefulness of sodium_ bisulfate,

sodium sulfate, sodium chloride, calcium chloride, and mercuric chloride

has been compiled by O. de Vries.*®* ™ t-, , <i=o r i. , .

Cream of tartar was recommended by T. Fetch *®® for the coagulation

of latex Although products made from the rubber thus obtained are said to

have good properties, this coagulating agent seems not to have been adopted.

Aluminum lactate, recommended as a coagulant by C. H . Boehringer-

Sohn,®«« yields a poorer rubber than does acetic acid, according to W.

Spoon
Hydrogen sulfide is said by G. S. Whitby to be incapable of bring-

ing about coagulation, either when added as a saturated solution or when

introduced as a gas until saturation has been reached. In fact, this inve.sti-

Igator demonstrated that it is an anti-coagulant, since the latex samples treated

with it were not coagulated after standing 118 hours.

Hydrogen peroxide has a retarding effect on coagulation when added

in small quantities (1 cc. of 30 volume per cent for each 200 cc of 10

per cent latex) ,
according to G. S. Whitby.*®* It favors coagulation at higher

concentrations.
, . v ,

Alcohol cannot be used commercially as a coagulant, because too large

a quantity is required for complete coagulation. O. de Vries and N. Beumee-

Nieuwland *®® state that one-half volume of 96 per cent alcohol will rapidly

produce complete coagulation. Although latex diluted with an equal volume

of water can be coagulated by an equal volume of alcohol, latex diluted with

2 volumes of water cannot be completely coagulated by 2 volumes of alcohol.

When diluted with 9 volumes of water, the latex can no longer be coagulated

by alcohol at all. The addition of common salt or alum to latex diluted with

4- volumes of water will allow it to be coagulated by means of one-half volume

of alcohol. r ^ 1 ,

In laboratory experiments, alcohol serves as a very satisfactory coagulant,

since it accomplishes a rapid and complete coagulation when added in suffi-

cient quantity. It is of interest to mention that the nitrogenous constituents

of the serum are precipitated less completely by alcohol than by acetic acid.

According to de Vries,*®^ heating will precipitate 1/4 per cent of proteins

from the serum remaining after coagulation with alcohol, as compared with

1/6 per cent in the case of acetic acid.
.

The juice of the fruit of the Carica Papaya is capable of coagulating either

fresh or preserved latex, according to A. J. Ultee.*®®

A 1 per cent solution of this dried juice is twice as effective for coagulation

as a 1 per cent solution of acetic acid. This same experimenter states *®® that

Jttflf. Merc,, 51, 253 (1928).

*“8de Vrie^ 0.^“Estete Rubber/' p. 88.

huia-^c,., AW, 40'’(19i5)7
rA- Rubbercultuur, 6, 144 (1922).

^Kolloid-Z., 12, 147 (1913).

Arch, Rubbercultuur, 11, 518 (1927).

_j Vries, O., “Estate Rubber," p. 216

886 Teysmannia, 28, 179 (1917).

Arch. Rubbercultuur, 2, 343 (1918).
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rubber obtained by using papain shows normal physical properties, but a very

high viscosity. It dries very slowly.

The serum which may be withdrawn from the coagulum in the case of

coagulation with acetic acid still contains considerable acid and may be used

as a coagulating agent on the following day. Some pure acetic acid is usually

added to the serum in such a case. The quality of the rubber thus obtained

does not differ appreciably from that of ordinary rubber. Decomposition of

\/the serum is retarded by the addition of sodium bisulfite. When using serum,
'

it is always difficult to determine just how great the coagulating effect will

be. The use of pure acetic acid is therefore to be preferred under normal
circumstances.

The natives also use as coagulants fermented cocoanut milk, fermented

pineapple juice, and the liquids obtained by the fermentation of juice from
red co&e berries, cocoa beans, etc. O. de Vries states that rubber obtained

with such agents is satisfactory, although not as uniform as the product re-

sulting from the use of acetic acid.

The last coagulating medium worthy of mention in this discussion is urine,

which is said by Zentgraaf to be used by the natives of Sumatra.

Methods of Preparation Involving the Use of No Coagulating Agents
Spontaneous Coagulation. Spontaneous coagulation has been re-

peatedly recommended as a methocl of manufacture of crude rubber (see p.

103). This method, since it tends towards non-uniformity, does not seem
to be suitable for the production of standard grades. The attempt has been

made to regulate the process by adding cane sugar (about 1.5 to 3 grams per

liter of the undiluted latex) to give a uniform production of acids. The
methods which have been tried for the prevention of surface discoloration

and mold formation include (1) excluding the air from the coagula, which
project from the serum, by immersing them once more, and (2) adding dis-

infectants such as sodium sulfite, creosote, beta-naphthol, etc. Spontaneous
coagulation is greatly accelerated by the addition of small quantities of cal-

cium chloride, according to L. E. Campbell. Barium and magnesium
chlorides, on the other hand, have a coagulating effect only at higher concen-

trations. Spontaneous coagulation is greatly retarded, or even stopped, by
calcium oxalate or sodium fluoride in the proper proportions.

At the present time, spontaneous coagulation is only used in certain small

factories and by the natives. The coagula are most easily converted into slab

rubber (see p. 119).
Kerbosch Process. In the process developed by M. Kerbosch, a marked

evaporation of the water in the latex is brought about by a current of warm
air. According to O, de Vries and E. A. Hauser, the first step in the

process is to put the latex into a drum (about 2 m. in diameter and 1.8 m. in

length) which can be put in slow rotation around its horizontal axis. Along
the axis of the drum is a tube provided with many small openings, through
which a strong blast of air is blown. Stirring vanes rotating in the direction

opposite to that of the drum serve to distribute the air stream. The drum, while

rotating, takes up a thin layer of latex, which dries out almost completely in a
half revolution. At the end of a full revolution another layer is taken up on
the dry under-layer. In this manner all of the latex is finally dried. The

deVries, 0., “Estate Rubber,” p. 197.
en Thee Tijdschrift, 9, 379 (1924).

Campbell, L, E., “Rubber Research In Cey-
lon.” p. 115, Columbo, 1918.

870 de Vries, O., “Estate Rubber,” p. 436.

Hauser, E. A., “Latex,” p. 100, Th. Stein-

kopff, Dresden and Leipzig, 1927.
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temperature of the latex should not rise above 40° C., since otherwise floccu-

lation or clotting can easily take place.
. , . , , i - ,

Since all of the serum constituents are retained m rubber made by this

process, its weight is 10 to 12 per cent greater than that of rubber prepared

from the same quantity of latex by the acetic acid method. The water con-

tent of Kerhosch rubber is relatively great (varying from 3 to 9 per cent),

as a consequence of the hygroscopicity of the serum constituents present.

On account of its small serviceability and the difficulty of controlling it in

practice, the Kerbosch apparatus has not been adopted to any extent. The

fact that the opinions expressed regarding the properties of the rubber ob-

tained have not always been favorable has also militated against the use of

the Kerbosch procesk
, t t> , <572 u

Dilution and Centrifuging. As shown by J. Parkin years ago, Hevea

latex cannot be coagulated merely by dilution. Furthermore, on y creaming

takes place upon the dilution of latex which is already in a flocculated condi-

tion (as a consequence of spontaneous coagulation, for instmice).

H ^ ^ Wickham,®^® J. Parkin,®"^ M. K. Bamber,®^-' and C. Beadle and H.

P Stevens ®^® state that the rubber cannot be completely removed from latex

bv centrifuging. On the other hand, the rubber in latex which is preserved

with formaldehyde, or to which a small amount of acetic acid has been added,

can be brought into an agglomerated state by centrifuging.

Smoking Process. Although the Brazilian smoking method (xrc p. 108)

has been used experimentally on various plantations in Netherlands East

Indies, and has been recommended to the natives, it has not been adopted.

Several years ago, D. hlacGillavry had a whole year’s output from two plan-

tations (about 100 tons) prepared in this manner. The smoking took place

in laro-e sheds, in each of which 40 iron smoking ovens were set up. The

cost o1 preparation of this rubber was about the same as that for sheets and

less than that for crepe. According to the investigations of O. de Vries and

W. Spoon,®” and the expert opinions of several manufacturers,_the proper-

ties of rubber of this type are quite satisfactory, being intermediate between

those of normal sheets or crepe and those of hard fine Para. Nevertheless,

this rubber, known as “Java-Para,” has not come into favor.
_

Even Mac-

Gillavry has abandoned the use of the smoking method. Dommikus has

described and illustrated several pieces of apparatus, which were constructed

according to the suggestions of Coutinho, van der Kerkhove, Wickham, Brown

and Davidson, Macadam and da Costa, and in which the latex is coagulated

by introducing smoke. None of these seem to have been used very much

commerciallv. The Ripeau ®^» process also has not come into favor

Sprayed Rubber. Although G. Krause ®®® was the first to dry latex

successfully by a spraying process on an experimental scale, it was through

the efforts of E. Hopkinson ®®i that spray drying was developed to the point

where it could find extensive use on the plantations of the Middle East. In

this process, the latex falls on a rapidly rotating disc in the upper part of an

inclosed drying chamber. The latex is thrown out in the form of a fine mist

by centrifugal force. A strong current of hot air entering at the top of the

Roy. Botan. Card. Ceylon, Circ., 1, 144

3-3 \\^ckham, H. A., “On the Plantation, Culti-

vation. and Curing of Para Indian Rubber,

p. 63, London, 1908.
Roy, Botan. Card. Ceylon, Lire., 1, 144

(1899).
Ihid., 3, 297 (1906).

^’^Kolloid-Z., 13, 210 (1913).

Mededcel Proefsta. Rubber, No. 8 (1927).

Gummi-Ztg., 22, 926 (1908).
379 See Hauser, E. A., ibid., 41, 1163 (1927).

380 See Hauser, E. A., “Latex” P*

Steinkopff, Dresden and Leipzig, 1927.

387 Gummi-Ztg., 41, 1223 (1927).
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chamber rapidly vaporizes the water in the latex mist, so that dry rubber

settles to the bottom in the form of a fine ''snow/’ The spongy mass of

“snow” is pressed together for transport.

In contrast to the sheet and crepe rubber obtained by coagulation, sprayed

rubber possesses the advantage of a 6 to 6.5 per cent greater yield, as a con-

sequence of the retention of all the serum constituents. It also vulcanizes

much faster. The vulcanizates prepared from it have good mechanical prop-

erties and withstand aging satisfactorily. The power requirement for its

mastication is high, since this rubber has great "nerve” and toughness. By
the addition of protective colloids such as glue, a sprayed product, which is

pulverulent and which can easily be molded, is obtainable.

Electrophoretic Process. The electrophoretic (electrodeposition) proc-

ess383 depends on the fact that, upon passage of an electric current, the rub-

ber particles in latex migrate towards the anode and are deposited thereupon

in the form of a homogeneous film. In order to prevent the formation of

oxygen bubbles in the rubber deposit, the anode may be surrounded by a

porous diaphragm, on the outside of which the rubber collects, while the

bubbles form only on the inside. Use can also be made of metal anodes, if

the formation of bubbles of oxygen is avoided by some method. H. Ba-

clesse®®^ has descril)ed various arrangements suitable for carrying out this

process on a practical scale. According to Baclesse, colloidal sulfur, accel-

erators and dyestuffs can be mixed with the latex. A current density of 0.08

amp./ sq. cm. has been specified as a suitable one. The rubber deposit can be

built up to the extent desired, a thickness of 1 mm. being obtainable in a few

minutes.

The process is capable of broad application, and, since the resulting rubber

is subjected to but very little mechanical treatment, the products obtained

naturally possess very good physical properties.

Emka Process. According to E. Hauser, the Funka process, so

named from the initials of the discoverers, van der Marck and Kremer, is

carried out as described in the next paragraph.

The previously strained latex, to which sodium bisulfite has been added, is

coagulated in flat pans, as in the preparation of sheets, the coagulant being

acetic or formic acid. The flat cake obtained by rolling out the coagulum
with a hand roller is then folded over transversely. The edges are pressed

together by means of the fingers or a small hand roller. Only at one place

along the edges is an opening left, the purpose of this opening being to allow

the introduction of a rubber tube, which is in turn attached to a bicycle pump.
By this means, it is possible to inflate the sack formed from the rubber cake

to such an extent that it gradually takes on the form and appearance of an

oblong rubber balloon. At this point, the opening used for the introduction

of air is also closed, and the balloon is hung up to dry. After the drying,

which is said to be complete in a few hours, the balloon is cut open, and the

surfaces are covered with talcum. The thickness of the membrane may be

varied more or less by controlling the volume of air introduced. An exact

determination of the extent to which this process can be advantageously used
has not yet been made.

See Davey, W. C.', India Rubber 70, 985 Trans. Inst. Rubber Ind., 4, 343 (1928),

(1924). Kautschuk, 2, 68 (1926).

Rubber World, 75, 127 (1926) an^ Qummi-Ztg., 41, 1162 (1927).
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Manihot

In the case of Manihot Glasiovii, the latex is either coagulated immediately
on the tree (Lewa method, see p. 71) or collected in liquid form.

Lewa Method

In the Lewa Method the coagulating agent, which is applied to the bark,

must have such a rapid coagulating action that the latex flowing out of the

wound on the tree cannot spread out laterally. (Fig. 44.) A further require-

ment is that the latex should have, before drying, such a consistency that the

resulting rubber can be easily collected in the form of strips.

Figure 44—Portion of the trunk of

a Manihot Glaaioini tree tapped ac-

cording to the Lewa method
; with

required quantity of coagulant on

the left; with insufficient coagulant

on the right.

Attention is also called to the fact that, in the case of the Lewa method, the

most desirable concentration of the coagulating agent can vary somewhat
with the age of the tree, the climatic conditions, and the frequency of tapping.

In every case, it is easily possible to determine the best concentration by means

of preliminary experiments. Whenever the concentration of coagulant is

insufficient, the collection of the rubber is considerably more difficult.

In German East Africa, the coagulating agents used in the early days con-

sisted exclusively of the juices of certain citrous fruits. In fact, the trunk

of the tree usually was merely rubbed with the partly peeled fruit. As was

demonstrated by C Kinzelbach and A. Zimmermann,^®® the juice of the wild

orange gives a good coagulation even after dilution with three volumes of

water. A solution prepared from the dried fruit pulp of the Adansofiia

digitata was later used considerably as a coagulant. The concentration of

this agent to be used was determined by C. Kinzelbach.®®''^

nzer, 5 , 25 ( 1909 ). Pflanzer, 5 , 169 ( 1909 ).
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According to the investigations of C. Kinzelbach and A. ZimmermannA®®
juice pressed out of the leaves of the Sisalagave can serve as a coagulant after

the addition of a small quantity of acetic acid, carbolic acid or orange juice.

The juice from the leaves and stems of the Costus Afer and from the fruit

of the Papaya (papaw) cannot be used for coagulation. The sap of the

“mwengere” plant (Cissiis adenocaulis), often used by the natives for coagu-

lating the latex, seems to have a deleterious effect on the quality of the

rubber.^®®

Whenever the most uniform product is desired, it is recommended that

these natural materials be avoided (even though they may reduce tapping

costs slightly) and only pure substances be used. In the case of these latter,

the exact quantities for most satisfactory coagulation are easily determined.

Among organic acids, acetic acid, as in the case of Hevca, has been the one

most extensively used. It accomplishes a good coagulation when used in the

form of a 2 to 3 per cent solution. Formic acid functions at a smaller con-

centration, whereas citric and lactic acids must be used at higher concen-

trations. Tannin yields a more pasty product, which is difficult to remove
from the tree.^^®

The coagulating material marketed by the firm of Lehmann and Voss
under the name of ‘"Coalatex,” which material apparently consists primarily

of oxalic acid and oxalates, gives a good coagulation at a concentration of

10 per cent.^^^

In the field of inorganic acids, hydrochloric and sulfuric acids bring about

good coagulation of the latex when employed at a concentration of about 2

per cent. They are not given consideration for practical use, however, since

they exert such a harmful effect on the bark of the tree. The high price of

hydrofluoric acid (Purub), which coagulates latex at a concentration of 1 per

cent, has prevented its adoption.

Calcium chloride, first recommended by the writer of this section,®®^ is so

low in price that it has been used extensively in German East Africa. It

coagulates the latex satisfactorily at a concentration of 2 to 3 per cent. Mix-
tures of calcium chloride and acetic or carbolic acid were also much used for

coagulation. Th. Marx has proved that any significant lowering in cost

cannot be accomplished with these mixtures, however.
It is stated by Marx that sea Avater alone is not to be used for coagula-

tion, although it becomes a good tapping agent after the addition of acetic

acid (1 per cent), phenol (1 per cent), a mixture of acetic acid (0.15 per

cent) and phenol (0.3 per cent), calcium chloride (1 per cent) or “Mbuyude-
kokt” (4 per cent).

With barium chloride, magnesium chloride, and magnesium sulfate, the

writer obtained a less intensive coagulating effect than with calcium chloride.

That magnesium sulfate is not to be used as a coagulant in the Lewa method
was established by Th. Marx.^®® On the other hand, this same investigator

obtained good coagulation with magnesium chloride (5 per cent), calcium

phosphate (5 per cent), superphosphate (3 per cent), ammonium sulfate (3
percent), and zinc sulfate (1 per cent). Substances found to give no coagu-
lation include sodium sulfate (2 and 5 per cent), sodium bisulfite (1.5 and

^Pflanzer, 5, 19 (1909); 3, 275 (1907). p. 310, G. Fischer, Jena, 1913.
See Zimniermann, A., “Der Manihot'Kaut- See Pflanser, 3, 149 (1907).
scliuk. Seine Kultur, Gewinnung and Prapa- ^02 2in„nermann, A., Pfianzer, 7 , 499 (1911).
ration,” p. 186, G. Fischer, Jena, 1913; and Pflanser, 10, 152 (1914).
Marx, Th, and Zimmermann, A., Tropen” Tropenpflanzer, 24 , 74 (1921). f

Pflamer, 25, 36 (1922). Pfianser, 10, 152 (1914).
See Zimmermann, A., “Manihot-Kaiitschuk,** Tropenpflanzer, 24, 79 (1921).
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2.5 per cent), sodium thiosulfate (1 to 4 per cent), sodium sulfite (3 per
cent), and primary sodium phosphate (1.5 and 3 per cent). Very weak and
incomplete coagulation was given by potassium chloride (2 and 4 per cent),

sodium borate (2 per cent), kainite (3 and 6 per cent), alum (1 to 4 per

cent), aluminum sulfate (1 to 4 per cent) and boric acid (1 and 2 per cent).

Furthermore, A, Zimmermann obtained unfavorable results with potas-

sium ferrocyanide (5 per cent), potassium dichromate (6 per cent), mercuric
chloride (1 and 5 per cent), sodium chloride (2 and 5 per cent) and sodium
fluoride (5 per cent).

Extensive use was also made of carbolic acid (phenol), which gives good
coagulation when used at a concentration of 2 per cent. According to C.

Kinzelbach and A. Zimmermann, acidifying the phenol provides a coagu-

lating agent which is even cheaper. They found, for instance, that a solution

containing 0.4 per cent phenol and 0.2 per cent acetic acid coagulated the

latex just as rapidly as 2 per cent phenol or 2 per cent acetic acid alone.

Lysol (3 per cent), cresol (2.5 to 2.8 per cent), creolin (3 per cent) and

creosote (2 per cent) also gave good coagulation, while alcohol, formaldehyde
and pyridine could not be used.*"^^®

The experiments of Th. Marx proved aniline hydrochloride ( 1 and 2

per cent) and a mixture of carbolic acid (0.6 per cent) and formic acid (0.3

per cent) to be good coagulants. Little or no separation of rub]:>er re.sulted

from the use of aniline ( 1 and 2 per cent), wood vinegar (5 and 7.5 per cent),

sodium acetate (2 and 4 per cent), aluminum acetate (2 and 4 per cent) and

sodium cresolate (1.5 per cent).

Of the alkaline reagents tested by Th. Marx,^®^ the following were found

to be of no service : sodium bicarbonate (2 and 4 per cent), sodium carbonate

(3 per cent), barium hydroxide. (1 to 3 per cent), and a mixture of barium

hydroxide (1 per cent) and barium chloride (1 per cent). On the other

hand, calcium chloride in the dry state is suitable for coagulating. Better

re.sults were obtained with mixtures, such as calcium hydroxide (1.5 per cent
)

and calcium chloride (1 per cent), calcium hydroxide (2 per cent) and cal-

cium chloride (0.3 per cent), or calcium hydroxide (2 per cent) and car1)olic

acid (0.3 per cent).

In German East Africa, the rubber, after being collected from the trees

while still damp, rolled up in balls, and laid out to dry for some time, was

then put on the market in the form of these balls. In consequence of the

high content of water and of proteins, decomposition phenomena took place

readily. Although the properties of the rubber were not greatly influenced

thereby, the highly unpleasant odor developed caused this rubber to be given

a lower evaluation. Furthermore, in the Lewa method, it was not possible

to avoid the inclusion of certain impurities, such as bark and earth, in the

rubber. This fact led later to the adoption of methods of purification in the

field. This purification was handled in part in large establishments provided

with washing mills similar to those used in the preparation of Hevea rubber.

To some extent use was also made of a simpler process, involving cutting the

balls into slices and pressing these out between even speed rolls under a

stream of water for some time. In certain cases these slices were subsequently

soaked in pure water or water containing Purub (hydrofluoric acid). Up
to the beginning of the World War, the methods used for the preparation

Pflanser, 1, 310 (1905); 3 , 350 (1907). p. 190, G. Fischer, Jena, 1913 .

Pflanser, 5 , 26 (1909). Tropenpflanser, 24 , 75 (1921).
See Zimmermann, A., “Manihot-Kautschuk,** Tropenpflanz?r, 24

, 81 (1921),
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of this rubber were still anything but uniform, and it was not possible to state

with any assurance that one method yielded rubber better suited for com-
mercial purposes than another. As with Hevea rubber, a definite standard

method could not have been recommended. The carefully prepared uniform

rubber could be readily sold, and brought a very good price.

Methods Involving Handling of the Latex

In preparing the different kinds of Manihot rubber from latex which has

been collected in liquid form, several different methods apparently have been

used, especially in Brazil. According to L. F. d’Almeida/*^^ the smoking
method, such as is used with Hevea, is often employed. E. Ule states that

formalin can be used as coagulant. A mixture of carbolic and sulfuric acid

is recommended by A. Moulay.^®*^ According to O. Labroy and V. Cayla,'*^^

good rubber can also be obtained by spontaneous coagulation, which occurs

rapidly upon dilution of the latex with 3 to 4 volumes of water. After about

10 hours, the coagulum takes on a consistency suitable for further handling.

C. de Mello Geraldes states that in Angola the latex is allowed to coagu-

late spontaneously in shallow' pans, either without dilution or after dilution

with an equal volume of water. The subsequent handling is the same as with

Hevea sheets. The use of smoke during the drying process is also quite com-
mon.

J. G. Smith and Q. Q. Bradford recommend that the latex of Manihot
GlaHovii, after previous neutralization, be allowed to stand 1/2 hour before

the introduction of a boiling solution of ammonium sulfate. The w'hole is

then warmed gently (not over 77° C). As has been demonstrated hy J.

Parkin, the latex can also be coagulated by boiling.

E. Marckwald and F. Frank recommend the addition of magnesium
salts or calcium phosphate in the case of coagulation with citric or acetic acid.

When this method is used the final product is said to be superior in nerve and
“body” to the usual rubber.

Ficus

Relatively large quantities of latex are seldom collected from Ficus elastica

trees. Such latex cannot easily be coagulated by boiling, according to P. J.

Burgess. This author recommends heating the latex to 40° C., adding a 2 per

cent solution of tannin (10 per cent of the volume of the latex), and shaking.

A. Preyer states that good coagulation is obtained by pouring the latex into

a boiling solution of chloral hydrate or formic acid. The recommendation
of G, Mann is to mix the latex with 2 per cent of formalin and allow it to

stand in split bamboo rods protected from the sun. Coagulation will set in

at the end of one day.
According to O. de Vi'ies and W. Spoon, the latex from Ficus elastica

can be coagulated with acetic acid, provided some Hevea latex has first been
added to the Ficus. Latex having a comparatively high rubber content can
be coagulated by agitation (churning).

d’Almeida, L. F., “De I’exploitation du I’etude des plantations des caoutchoutiers a
carivtchiV’c an Uresil.,” p. 21, Brussels, 1000. Angola,” Lisbon, 1914.

'

' Tr ;vr‘ 16, 92 (1912). Hawaii Agr. Exp. Sta. Bull., No. 16.
*^'*^L’agr. prat., 5, 374 (1905). Roy. Botan. Co-rd. Ceylon, Circ., 1, 145 (1899).
'«=Lahroy. O. and Cayla, V., “Culture et ex- Cvvrinx-7.tg.. 26, 1666 (1912).

aloitation du caoutchouc au Bresil.,” p. 188, Trw^t’u^jicuzf}', 4, 327 (1899).
Paris, 1913. Ivdia, 2, 279 (1907).

iB6
(ig ^fello (jeraldes, C., “Contribution pour Avch. Rubbercultuur, 12, 21 (1928).
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r. \a!] I\nisilniri;h states that the latex from Ficus Vogclii is not coai^ai-

latcd In* acetic acid, scMlimii chloride, or alum, nor by heating alone, but is

ovagiilated by alcolujl or by heating after the addition of acetic acid or hydro-

chloric acid/ The latex can also be allowed to dry on the bark, and the dried

liurtiuns can then be wound up. In western Africa the latex is said to be

ojagulated by heating with lemon juice. According to D. Spence, the latex

Ficus I can be preserved by means of about 3 per cent of formalin.

R. Sclileciiter states that the latex from Ficus Schlechteri can be easily

coagulated by warming. This same author claims that such a method is also

satisfactory for Ficus hypophaea.

A very peculiar method of coagulation, which was used with one of the

species of Ficus, is described in the *‘Amtsblatt fiir das Schutzgebiet Togo.”

In this method, a ‘‘dumpling” is first made from corn meal. The wound
on the stem is rubbed or dabbed with the dumpling. The exuded latex is

soaked up by the dumpling, the volume of the latter being considerably in-

creased ill the process. In order to remove the corn meal, the lump is finally

kneaded vigorously under a stream of water.

Castilloa (Castilla)

In Brazil, Castilloa latex is usually coagulated by means of soap, according

to O. Labroy and \b Cayla.^^’ The soap is triturated and mixed with water,

and then added to the latex to the extent of 25 grams per liter. With good

agitation, there soon forms a more or less spongy mass, which can be stamped

with the feet ( while in a tank, for instance) to remove the serum. The mass
is simultaneously opened up by means of a s*harp-edged instrument. The rub-

ber thus iTtained is dried in the shade and put on the market under the name
of “bolacha.” In many districts, the latex is merely placed in pits or holes

and all< nved to evaporate. The very impure rubber obtained is designated as

“pranchas.'" The rubber dried on the bark, which rubber is known as

“sernaiiiby," is that must highly valued.

The sap from the Ipornoea bona 7iox is also frequently used for coagulation.

According to T. F. Kosdioy,'^^^ about one good handful of the plant, from
which the leaves have been removed, is beaten to pieces on a stone or a piece

(A wood and is then mixed thorough^ with about 2 liters of water. The
liquid which is pressed out is thoroughly stirred with 23 to 27 liters of latex.

After a short time the latex curdles to a plastic mass, which is drawn several

times through a small hand roller mill (wringer). The thin discs formed are

hnaliy liiiiig in the shade to dry.

G. W aidrom recommends the use of smoke for coagulation. Steam,
carriung with it the smoke from a wood or nut fire, is introduced into the

latex. After the latter has been brought to the boiling point, there are ob-
tained spongy clumps of rubber, which are sufficiently porous to dry easily.

They are also protected against decomposition, probably as a consequence of

the preservative action of the smoke constituents.

Van RuaiLargli. P., *‘Les piantes a caout-
i'hmc et i giitta*i«rclia,” p. 112, Batavia,
1903,
Chmm^Zig,, 22, 956 ( 1908 ).

Trof/np^ansgr, 7, 526 (IS’DS).

fir das Schutzgebiet Togo, 3, No.

_6 (1906).
*** Labroy, O. and Cayla, V., “Culture et ex-

ploitation du caoutchouc au Bresil,” p. 215,

Paris, 1913 .

Tropenpfianzer Beihefte, S, 154 (1901).
India Rubber World, 36, 188 (1906).
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According to O. F. Cook/^o attempts were made on the Zacaulpa plantation

to 'produce
rubber from Castilloa latex by a method the same as used for

para rubber. Only a sticky mass was obtained.

For the preparation of clean, light-colored rubber, C. O. Weber ^21 pro-

posed a method based on the fact that Castilloa latex creams, either in the

diluted or undiluted condition. In this method, six times its volume of boil-

ing water and then 30 cc. of commercial 40 per cent formaldehyde solution

(formalin) are added to each kilogram of latex, in order to prevent the

precipitation of proteins. The latex is then filtered through a fine-mesh gauze

into a drum provided with a stopcock. This receptacle is filled to the top, cov-

ered, and allowed to stand. On the following morning, the lower layer of

water is allowed to flow out through the stopcock. Separation is easy, since

the rubber cream is too viscous to flow at this stage. The cream can either

first be washed with cold water, or else the rubber particles can be made to

agglomerate immediately by means of vigorous agitation. In the latter case,

the resulting product is subsequently washed in the manner usual for fresh

rubber. The freshly coalesced rubber forms sheets which at first feel pecul-

iarly soft and flabby. Upon continued washing, a marked change in the

rubber suddenly takes place. Within a few seconds, the sheet seems to con-

tract and to become very tough and elastic. This change is evidenced by the

fact that the sheet begins to crackle on the mill.

R. H. Biffen ^22 states that by centrifuging it is easy to remove the rubber

from the latex completely. At a speed of 6000 r. p. m., only 3 to 4 minutes

were required. This same writer ^^3 states that the mass obtained can be

once more dispersed, and, after redispersion, can no longer be coagulated by
ammonia.

0. Labroy and V. Cayla report that in Trinidad a machine capable of

producing a good light-colored rubber by a centrifuging process was put in

operation. According to C. Beadle and H. P. Stevens, the cream formed

by centrifuging the latex tends to leave a white coating adhering to the fabric

on the inner walls of the centrifuge. If this layer, which has a water content

of about 17.4 per cent, is not touched by the fingers, it dries quickly, a layer

6 mm. thick being completely dried in a few hours. On the other hand, if

the layer is pressed lightly with the fingers, 2 to 3 weeks are required to com-

plete the drying.

Contradictory statements regarding the effect of acids and alkalies on

Castilloa latex are to be found in the literature. The discrepancies may per-

haps be partly explained by the fact that different authors have used latices

from different species.

According to C. O. Weber, the careful addition of acids to the latex

(which itself exhibits a distinctly acid reaction in the fresh condition) leads

to more or less rapid coagulation. Subsequent heating makes the coagula-

tion especially rapid. When added in larger quantities, acids do not bring

about coagulation, even after continued boiling. The strength of the acid

does not seem to be the determining factor in the coagulation process, since

tannin is far superior to hydrochloric acid, and acetic acid is just as good as

hydrochloric.

S. Dept. Agr. Bur. Plant Ind., Bull., 49 ,
*‘24 j^abroy. O. and Cayla, V., “Culture et ex-

72 (1903). ploitation du caoutchouc au Bresil,” p. 219,
^Reprint from Gummi-Ztg., 17 , 34 (1902). Paris. 1913 .

“Jfew Bull. Misc, Information, 179 (1898^ KoIIoid-Z.

.

13 ,, 210 (1913).
^Ann, Botany, 12 , 165 (1898). from Gummi-Ztg., 17, 39 (1902).
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On the other haiifl, hnth P. van Romburgh and R.^H. report

ih.at Castillrja latex cannot ha coagulated with acids. This statement has also

iieeii confirmed by A. W. K. de Jong and \Y._^ R. Tromp de Haas,-^-»^par-^

liciilarlv for hydrochloric and tannic acids. They state that acetic acid in

will always Ijring ahmit complete coagulation, however.

Thv hehavinr ’of Castilloa latex toward alkalies is the same as toward acids,

accotrdiiig to I'. O. Weber.^*^** The addition of ammonia in small quantities

re-iills in the pr^diictif m of an intense yellow-green color and coagulation.

When used in excess, no coagulation takes place. Caustic soda has the same

eltect as aiiiiiionia, but brings about an even more intensive coloration.

\'a:i Romburgh, de Jong and Tromp de Haas,*^-^ and J. Parkin ol>

servei] no separation at rulTer upon the addition of alkalies.

Ferric chloride, inercuric nitrate, and ferrocyanic acid have been mentioned

a> gfif^ coagulants by C. O. Weber.*^^- According to P. Olsson Seffer,^^^

coagulation of Castilloa latex is promoted by the vapors of burning sulfur.

The addition of sulfur to the latex is said to preserve it against decomposition.

Separation rd‘ the rubber in this latex may be brought about by the addi-

tion of ethyl and methyl alcoluds, according to the opinions of van Rom-
biir 54hA-‘ of WeberJ'^" and of de Jong and Tromp de Haas.^-® As was demon-
^trales! by van Romburgh, nut all of the tmoteiiis are removed in this coagula-

tion. Whereas the fresh latex contains 0.36 per cent of nitrogen, there is but

0.2 jier cent in ml Ter which has been coagulated by means of alcohol. De Jong
anr! Tromp de Haas observed further that, up to a certain optimum addition,

the quantity of rubber obtained increases with the amount of alcohol added;

beyond this optimimi further addition of alcohol leads to a decrease in yield.

C. fb. W'eber's explanation of this observation was that the rubber, which
is not yet completely polymerized, is soluble in concentrated alcohol.

It is reported In* \Vebcr that acetone coagulates Castilloa latex. When
tl:e additicm ai acetone exceeds a certain optimum there is a diminution in

the quantity o{ rubber separated, according to de Jong and Tromp de Haas.^^^

We! er lias contributed the further information that formaldehyde does not

coagulate tlie latex, even when the latter is warmed. Furthermore, he*^^'

agrees with de Jong and Tromp de Haas in reporting that boiling is not effec-

tive in producing coagulation. \\Tl)er observed, moreover, that the latex was
changed by warming into a liquid which was free from clots and from
which the rubber cream separated slowly and incompletely on standing.

It is stated by R. Guerin that the latex can be kept indefinitely in a cool

place without the occurrence of coagulation.

Ktckxia

The natives of Lagos allow the latex of Kickxia clastlca to stand covered
with palm leaves for 12 to 14 days, according to R. Henriques.^^^ The
coagulated riibljer is then kneaded, pressed, and marketed in the form of

t'an l{'>iiUjprgh, P., “Les plantes a caout-
clioiic et a gutta-jncrcha,” p. 79, Batavia,
1903.

Suil. Misc. Information, 177 (1898).
37, 3299 (1904).

’r., 36, 3103 (1903).
5j. Boian. Card. Ceylon, Circ., 1, 154
m).
r., 36, 3103 (1903).

Gunmn-Ztg., 22, 636 (1908).
Gummi-Zig., 19, 103 (1904^

36, 3110 (1903).
37, 3299 (1904).

Reprint from Gummi-Ztg., 17, 29 (1902).
d’Agric. Trop., 73 (1902).

Henriques, R., “Der Kautschuk und seine
Quellen,’* p. 218, Dresden, 1899.
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balls. It is recommended by R. Schlechter that the latex be boiled in pots

of some kind with constant agitation, after the preliminary addition of three

or four volumes of water. C. Christy states that better results are ob-

tained by an addition of tannin or sublimate, especially if the latex has pre-

viously been allowed to stand for ten days. With fresh latex, coagulation is

not possible unless some acetic acid is first added
; Muthout acetic acid there

is need for the addition of formaldehyde directly to the fresh undiluted latex.

Good results were also obtained by pouring latex, to which some Purub
(hydrofluoric acid) had been added, into boiling water. Coagulation of

Ivickxia latex is also said to, be accomplished by the addition of latex from
various species of Strophanthus.

Schulte recommends a method of preparation, the first step in which is

to pour one liter of latex into a pan, 40 cm. long, 30 cm. wide and 10 cm. deep.

About 75 cc. of a 20 per cent solution of tannic acid are then added, with con-

stant agitation. After about 2 minutes, the latex is coagulated sufficiently so

that the cakes of coagulum can be moved around wdth the hands; after one

more minute, it is completely coagulated. As soon as possilde, the cakes are

pressed into a sheet between ribbed rolls. The sheets are then allowed to

lie for some time in water (preferably flowing) and are finally dried in the

usual manner.

The recommendation of H. Bucher is to pour the previously strained

latex in a thin layer on a smoothly planed board, made of soft absorbent

wood and provided with a peripheral ledge about 2 cm. high. After being

allowed to dry in the shade, the rubber is pulled away from the board and
rolled up.

Kickxia latex is coagulated by formaldehyde, according to P. Schid-

rowitz.^*^^ The rubber thus obtained is said to be characterized hy an unusual

toughness. ' P. Schidrowitz and F. Kaye report that acetone coagulates

Kickxia latex. The resulting coagulum has approximately the same resin

content as when other methods of coagulation are used.

It has been stated by F. Eduardoflf that a 2 per cent solution of cresol,

when added in a quantity four times that of the latex, brings about a good
coagulation after shaking. On the other hand, crude carbolic acid (2 per

cent) and acetic acid (2 per cent and concentrated) accomplish no coagula-

tion, and 98 per cent alcohol and a 2 per cent Coalatex solution (see p. 129

)

only very slow coagulation.

Undiluted Kickxia latex withstands coagulation for a long time, accord-

ing to P. Schidrowitz and F. Kaye.^^'^ Only 12 per cent of the rubber in a

sample of latex bottled in Africa was found to have been coagulated during

transportation to England. When diluted with 5 volumes of water, the

latex exhibited a tendency to cream during transportation. When such a

substance as ammonium oxalate, calcium chloride or magnesium sulfate was
also added to the latex, no creaming occurred. Calcium chloride did bring

about flocculation when used in relatively large quantities. In this respect

it differed from barium chloride. It was demonstrated by C. Kinzelbach and
A. Zimmermann that creaming occurs when the latex is diluted with 10 to

Compare P. Reintgen, Tropenpflanser Bei- (1910).
hefte, 6, 166 (1905). Schidrowitz, P., ^‘Rubber,” 2nd ed., p. 128,
Christy, C., “The African Rubber Industry Methuen & Co., London, 1916.
and Funtumia Elastica,” p. 218, London, India Rubber J.„ 34, 377 (1907).
1911. 22, 387 (1908).
Tropenpflanzer, 17, 580 (1913). India Rubber J., 34, 377 (1907).
Reprint from Dt. Kolonialhl., No. 12/13 Pflanser, 5, 33 (1909).
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20 times its volume of water. The rubber particles in the cream cannot be

caused to unite by shaking nor by centrifuging, although they will stick to-

gether immediately after collection on a filter. When the liquids are sepa-

rated from the rubber by filtration, the latter can be removed as a continuous

sheet.

According to E. Fickeiidey,^*^**^ warming the latex in an autoclave leads

finally to the furniation of a pasty mass, which becomes tough and elastic

Lipoi/stirring in the cold. If the latex is allowed to freeze, the rubber coagu-

lates, and the serum can be pressed out after thawing.

Hanxornia

In Brazil the latex of Hancornia speciosa is heated in a shallow vessel, or

treated with pulverized alum, according to Ule.^^^ The consistencydmparted

to the latex by these treatments is such as to allow the formation of large

clumps by a kneading process. The rubber obtained by the heating method
is said to'have the better quality. Hoff states that a mixture of two parts

of alum with one of sodium chloride may be employed, while van Dionant

describes the use of salt water, alum, or citric acid for the coagulation of the

latex in sunlight

Mascarexhasia

It is reported by Junielle^^^ that the latex of Mascarenhasia arborea is

either allowed to dry on the trunk of the tree, or, after collection, is coagulated

by boiling. The natives permit the latex from Mascarenhasia Usianthiflora

to dry on the tree.'^^'* This latex is a thick liquid, which is coagulated rapidly

by alcohol but less readily by citric acid or sulfuric acid. A sticky product

is said to result from the use of these acids as coagulants.

The writer has observed that in eastern Africa the natives either allow

the latex of Mascarenhasia elastica to dry on the tree or else spread it over

their hands and arms. In the latter process, the latex is soon coagulated

sufficiently su that die rubber can be rolled up. The Lewa method of treat-

ing ihe wounds un the trees with lemon juice, acetic acid, carbolic acid, or

Coalatex, does not give satisfactory results with this latex.

Lianas (Vines)

In the cases of the African rubber-containing vines, wLich belong almost
exclusively to the Landolphia or Clitandra genera, the natives often allow the

latex to flow out on the bark to dry. E. de Wildeman and L. Gentil state

that the rubber from a morning’s tapping can be collected in the afternoon or

the next morning. It is rolled into small rods, known as “spindles,” or may
be united into “balls.” At times, the rubber is cut into cubes or irregularly

shaped pieces, which are designated as “thimbles.”

The coagulation is often accelerated by rubbing certain plant juices or

chemicals on the bark before tapping, or by sprinkling them on after the

latex has been exuded. In the case of Landolphia Heiidelotii, Jumelle^®^
reports that lemon juice or a solution of sodium chloride is used. These same

8 , 45 ( 1911 ).

Beih^rflc, 6, 28 (1905).
kev. cmt, -..A 4. 88 (1899).
GKwnwAZfi/.. 22, 825 (1908).
“Ralibcr Reeacil,'* 38.
Joaaelle, H.. “Les plaiites i caoutchouc et a
gutta,” p. Paris, 1903,

Pflancer, 3, 146 (1907).

^ de Wildeman, E. and Gentil, L., ‘Xianes
caoutchouti feres de I’Etat Independant du
Congo,” p, 151, Brussels, 1904.

Jumelle, H., “Les plantes a caoutchouc et i

gutta,” p. 297, Paris, 1903.
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agents are employed with Landolphia owariensis. The writer has also ob-

served the use of these coagulants with Landolphia Kirkii. In many districts,

sea water also serves the purpose with this latter species.
^

The practice of hastening coagulation by spreading the latex over the arms

or the uncovered breast is followed by the natives to some extent (in Pemba,

for instance).^®® The coagulation is probably brought about by the heat of

the body, assisted possibly by the chemical reaction of the perspiration.

After collection, the latex of Clitandra orientalis or of Cl. nsmida is coagu-

lated by heating or by pouring into boiling water, according to E. de Wildeman
and L. Gentil.^^^ The same methods are also used with Parameria glanduli-

feramd Xylinabaria Reynaudi^^^

The coagulation can also be accelerated by the addition of certain reagents,

such as acidic extracts from plants. In western Africa, the juice of the so-

called ‘'Bossanga’' plant (Costus Liikasianus and other species of Costiis) is

much used. This juice or sap is obtained by merely twisting the stalks. Ac-

cording to Jumelle,^^^ use is also made of the juice from the fruit of the

“Baobab” (Adansonia digitata). An extract is obtained by macerating the

pulp in water. Among coagulating agents, Jumelle also mentions the leaves

of the Baiihinia reticulata and the Hibiscus Sabdariffa plants, and the fruit

of the Tamarindus indicus.

According to A. Chevalier, the latex of Clitandra elastica is difficult to

coagulate. The recommended procedure is to boil the diluted latex for a long

time, and to knead together by hand the rubber which has become separated

but not agglomerated.

Jumelle is the authority for the statement that the best rubber is

obtained by allowing the latex to ferment spontaneously, in the case of Lan-
dolphia Perrieri. Acids and various salts can also be used satisfactorily as

coagulating agents. Alcohol is a poor coagulant. Upon boiling the latex, sepa-

ration of rubber takes place only in accordance with the percentage of water

evaporated. The rubber obtained is said to be of inferior quality.

According to Jumelle,

a

5 per cent solution of sulfuric acid is generally

used as a coagulant for the latex of Landolphia sphaerocarpa. Rubber of

less value is obtained by coagulation with salt or by means of boiling.

Jumelle states, furthermore, that the latex of Cryptostegia madagas-
cariensis cannot be brought to coagulation by means of sodium chloride. It

is also difficult to coagulate with acids. The experiments of the writer

indicate that acetic acid, carbolic acid, lemon juice, sodium chloride and Coa-
latex are all ineffective as coagulants, when applied to the bark of the

Cryptostegia grandiflora tree.

Lemon juice, tamarind juice, and sodium chloride are used in coagulating

the heated latex of Marsdenia verrucosa, according to Jumelle.'*®'^ E. de

Wildeman reports that the latex of Periploca canescens can also be coagu-
lated by heating it with lemon juice.

It is reported that the coagulation of the latex of Landolphia Dazoei is

brought about in Uganda by means of sodium chloride. The coagulum ob-

tained is pressed between rollers.

^“See Hev. cult, coloniales, 10, 167 (1902).
48# de Wildeman, E. and Gentil, L., “Lianes
Moutchoutiferes de I’Etat Tndependant du
Congo,” pp. 32 and 83, Brussels, 1904 .

*®*See Jumelle, H., “Les plantes d caoutchouc
et a gutta,” pp. 418 and 430, Paris, 1903.

p. 37.

*^-Vagr. prat., 3, 64 (1903).
Jumelle, H., “Les platites a caoutchouc et a

gutta,” p. 335, Paris, 1903.
p. 340.

Ibid., p. 264.
Zimmermann, A., Pflanzer, 3, 148 (1907).
Rezt. cult, coloniales, 10, 93 (1902).

'**‘*7. d*agric. trap., 5, 347 (1905).
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Till* riil)her in tlie latex oi Landolphia Hendelotii may be isolated by centri-

fuging. according to H. Hamet.'*^’^

Euphorbia

llic investigations carried out by A. Zimmerniann indicate that the latex

uf Euphorbia tirucalli is coagulated neither by boiling nor by treatment with

such agents as acetic acid (5 per cent), tartaric acid, dilute hydrochloric or

siilpliiiric acid, formaldehyde, alum, calcium chloride or ammonium carbon-

ate. ^Moreover, a coagiiliim suitable for further working was not obtained by
using carbolic acid, sublimate, caustic soda, ammonia, or common salt.

Aithoiigli good resulted from the use of alcohol, the best of all

\va- obtainefl with tannin. When a one or two per cent solution of tannin

was adfied to the undiluted latex, the latter congealed within a short time
to form ail afiparently homogeneous mass. The rubber present could then be
rearlily pressed into a ball by band. When the latex was poured into the

tannin solution, less favorable results were obtained. For the coagulation
id thi^ latex, Xoyes recommends a mixture of tannin and hydrochloric
acid. Tlie coagulation is said to progress more satisfactorily if the latex is

first alb*wed to stand from one to seven days, and is then heated to about 60°

{ \ after the addition of the reagents.

The latex oi Euphorbia angiilaris behaves in essentially the same way
tiiwards the above-mentioned reagents as does that of Euphorbia tirucalli.

It is coagulated by a solution of tannin, a sticky viscous mass being formed.
This mass can be kneaded and pressed with the hands, provided they have been
previously moistened to prevent them from sticking fast to the rubber. If the

after being pressed, is placed on a moistened glass plate, it spreads out
over the latter rapidly. A solid crust is gradually formed on the surface of

the rublier. Whether this occurs solely as a consequence of drying, or is

a-nciatcf! with oxidation phenomena, has not been determined.
Tlie latex of Euphorbia Rcinhardtii becomes solid within a short time,

witluuit tlie addition of any coagulating agent.

For tlie cnagiilatirm of the latex of Euphorbia tirucalli a mixture of hy-
drochloric and tannic acids is recommended by E. Neufeld.^^^ The latices

from Euphorbia grandidens, E. ictragona and E. triangularis plants readily
undergo spontaneous coagulation. If it is desired to maintain these latices
in a liquid condition, ammonia, formalin, boric acid, &^^a-naphthol, or a casein
soap solution is added. Fluorides or paranitrophenol can also be added as
antiseptics. The addition of ammonia, and the simultaneous dilution of the
latex with an equal volume of water, has proved to be the most desirable
pnjcediire.

Jelutong

Jelutong, which is derived particularly from the various species of Dyera,
and which is used extensively in the manufacture of chewing gum, is” fre-
quently lowered in value either by being darkened in color by a fungus or
by being disintegrated into a powdery mass. It is said that both of these
possibilities can be avoided by making use of the method of coagulation

L'atjr. pmt., 1 , 23 ( 1901 ).

PMatizer, 7 , 742 ( 1911 ).

Union South Africa, 706 ( 1913 ),
Kautschuk, 3 , 361 ( 1927),
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proposed by B. J. Eaton, C. D. V. Georgi, and G. L. Teik.^^s xhe first step

in this process is to remove the impurities by passing the latex through a fine

metal screen. To each three gallons of latex in a 4-gallon petroleum can is

then added 0.5 fluid ounce of a 10 per cent solution of acetic acid. The

loosely covered can is heated, with constant stirring of the contents, and the

latex is allowed to boil for about ''three minutes. The coagulum obtained in

this manner is placed on a l)aml)oo screen, pressed well, and then boiled for

10 minutes in a large iron pan (filled with water). The coagulum is turned

over frequently during the boiling, and is then pressed with a board. The
final compression is carried out in a Iflock press, the inside dimensions of

which are about 12 x 5 x 5 inches. The resulting block is then washed with

water and dried. The blocks are preserved under water until ready to be

transported.

Sodium silicofluoride also gives a satisfactory coagulum. The toxicity of

this material prevents it from being considered as a coagulant for jelutong

which is to be used for the preparation of chewing gum.

Guttas

Since gutta-percha* and balata are used in the rubber industry, and since both of these

materials have an empirical formula the same as that of rubber, (CsHs)^, it does not

seem amiss to mention the methods of preparation used with these guttas.

In the case of gutta-percha, the treatment of the latex varies somewhat with the species

from which it is obtained. In the early days the custom was to fell the trees of certain

species (Pallaqidnm, for instance) and collect the latex by making cuts around the trunk

at intervals of 12 to 18 inches.'‘”^ In this method, the latex coagulates in the cuts and the

coagula are scraped off with a knife. After the mass of crude material is freed from
impurities by boiling in water, it is rolled into sheets. These sheets become hard upon
cooling, and are then ready for shipment. At the present lime extraction methods, in

which the gutta is obtained by extracting the leaves, are coming more and more into

vogue. Tapping is also practiced to some extent. Latex from trees of the Paycna species,

which can be tapped more satisfactorily than can the Pallaqiiium species, should be col-

lected not later than one hour after sunrise, as otherwise an objectionable discoloration

develops. This latex is coagulated by boiling. The resulting crude gutta is cut into

pieces, softened in hot water, washed in a washing machine, forced through a strainer,

washed again, worked in a kneading machine, and finally sheeted out in 5-foot slabs,

varying from one-eighth to one-fourth inch in thickness. Commercial gutta-percha con-

tains from 10 to 60 per cent of resin, consisting of albane, a crystalline resin, and
fiauvile, a yellow amorphous resin, in the ratio of about 2 to 1.

Balata is obtained from certain species of Minuisops, which are to be found in Trinidad,

the Guianas, Venezuela, and adjacent regions.'*'® To facilitate collection of the latex,

the trees were formerly felled. This practice was followed in Venezuela until recently. In

British and Dutch Guiana, on the other hand, the trees are always tapped. The latex is

allowed to ferment for two or three days, after which time the upper layer coagulates.

The coagulated layer is removed and dried after it has attained a thickness of about
0.6 cm. The attempts to make use of extraction methods such as those used with gutta-

percha have not been very successful. Commercial balata is softer than gutta-percha, as

it contains more of the softer resin, flauvile. The ratio of albane to fiauvile in the resin

of balata is about 2 to 3.

The reader who desires to consult a more thorough treatise on these materials is re-

ferred to Emil J. Fischer’s recent book, “Guttapercha und Balata,” Allgemeiner Indus-
trie-Verlag, Berlin-Lichterfelde, 1933 .

Malayan Agr. J., 14, 275 (1926): IS, 65, Catalog- Co., Inc., New York, 1930; and Bur.
400 ( 1927 ).

* Translator’s note by V.N.M.
See Hauser, E. A., “Latex,” (English trams-
lation by W* J. Kelly), pp, 49-51, Chemical See Hauser, loc. cit.
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Differences in the Quality of Rubber from the Same Species

Individual Fluctuations Within the Same Species

Since the Hez^ea trees of the Middle East did not all originate from the

same stuck, variations between individual trees with respect not only to yield

capacity i see p. 42 i, but also to the chemical composition of the latex and

the physical properties of the products obtainable, are to be expected. Such

variations have been observed, particularly in the case of the rubber content

of latices from trees which are of the same age, which have been exposed to

the same soil and climatic conditions, and which have been tapped alike.

Moreover, it has been proved by G. S. Whitby that no correlation exists

between the vield and the rubber content of a given latex. The color of the

latex, which is almost pure white with most trees, has been observed to be a

more or less intense orange-yellow in the case of certain trees. Moreover,

the violet coloration which the rubber exhibits upon being brought in contact

with the air (see p. 101} is of quite different intensity with different trees,

even though they may have been subjected to the same conditions. Such

variations are to" be attributed to the peculiarities of individual trees, which

peculiarities are transmitted by vegetative propagation.

It was proved by O. de Vries that, although the rate of vulcanization is

approximately constant for rubber obtained from the same tree under differ-

ent conditions, it may vary greatly in the case of rubbers obtained under the

same conditions from different trees of the same species. Although con-

spicuous deviations may be observ^ed between the tensile strengths of the

vukanizates and the viscosities of the solutions of rubbers from different

trees, the corresponding extensibilities show only small variations.

Influence of the Age of the Plant (or of the Part of the
Plant Being Tapped)

The investigations of O. de Vries led him to conclude that the rubber

from trees from three to four and one-half years old is characterized by a

decided “shortness/' In general, the physical properties of such rubber were

found to be low. When R. Riebl investigated the same trees about eight

years later, be found the physical properties of the rubber obtained to be

niiieh improved, but not yet quite equivalent to those of normal Hevea rub-

ber. Ill interpreting these observations, consideration must be given to the

fact that the above-mentioned trees were grown at a relatively high altitude

(6(XI meters atove sea level). At this elevation the trees had developed

rather slowly, so that the rubber content of the latex was less than that of

trees grown in lower country. According to de Vries, no constant differ-

ences between the physical properties or the chemical compositions of rub-

bers from 8-year old and from 30-year old trees have been discovered.

C- Beadle and" H. P. Stevens^®- reported that the acetone extract (7.12 per

cent), the protein content (13.02 per cent) and the sugar content (2.25 per

cent) of the rubber from a very young part of an Hevea tree (i. e., the leaf

stems j were comparatively large.

Rubber 3., 5S, 895 (1919).
'tie Vries, O., “Estate Rubber,” p, 51, and
-irch. Rabbenry-Itiiiir. 4, 249 (1920); 6,

11922). AN-,., ^ee Rid'ber Res. Scheme Bull.,
2S3 (1922).

Arch. Rubbercultuur, 6, 296 (1922).
^ Arch. Ruhbercultuur, 11, 155 (1927)

de Vries, O., “Estate Rubber,” p. S3.

India Rubber J., 41 , 216 (1911).
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Exact studies of the relationships between the rubbers obtained from young

and from old Manihot trees do not appear to have been made. According

to Y. Henry, the rubber from four-year old trees is inferior. On the

other hand, J.
Parkin states that good rubber is obtainable from young

shoots .
Moreover, the rubber obtained from two-year old trees in German

East Africa seemed to have very good properties. In a sample obtained from

a 13-month old tree, W. Schellmann found the ratio of resins to pure

rubber to be 12.1 to 100.

In the case of Castilloa, rubbers obtained from trees of different ages or

from various parts of the same tree exhibit considerable variation in resin

content. Thus C. O. Weber found the resin in rubber from different

parts of the same tree to vary as follows ;

Per Cent
From the trunk 2.61

From large branches 3.77

From branches of medium size 4.88

From young twigs 5.86

From leaves 7.50

As demonstrated by the figures shown below, Weber also found that the

resin content of rub1)er from the trunks of the trees decreased with the age

of the trees.

Age of trees

Years
2

3

4

Resins
Per cent
....42.33

....35.02

....26,47

Age of trees

Years

s

Resins
Per cent
....18.18

....11.59

.... 7.21

Similar results were obtained by the Imperial Institute with samples
originating in Trinidad. Calculated on the basis of dry, dirt-free rubber,

the resin contents were as follows :

Per cent

From 4-year old trees ^ 65.6

From 4^i-year old trees 52.6 - 56.6

From trees at least 12 years old 8.3 -14.3

Upon investigating samples obtained from New Guinea, Fendler re-

ported furthermore

:

.A.ge of trees Resins Rubber
Years Per cent Per cent

2 59.1 40.9

3 22.0 78.0

5 20.7 79.3

With other samples from New Guinea, Mannich found the a rubber
from 3%- and from 6-year old trees to be 58.6 and 84.0 per cent respectively,

while the ^ rubber was 2.8 and 1.6 per cent respectively.*

Henry, Y., “Le caoutchouc dans TAfrique
occidentale francaise,” p. 95, Paris, 1906 .

Roy. Botan. Card. Ceylon, Circ., 1, 116
(1899).

2, 12 (1906).
Weber, C. 0., “Reise tiach einer Kautschuk-
plantage in Kolumbien,** Dresden. Reprinted
from Gummi’Ztg., 17 , 72, 32 (1902).

Bull. Imp. Inst., 160 (1903).

Tropenpflanzer, 8, 140 (1904).

6, 402 (1902).

* Translator's Note. The a and ^ terminology
of Mannich is obviously different^ from that

of Hauser and other recent investigators.

—V. N. M.
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ficus dastica behaves like Castilloa with respect to resin content. Thus
with samples from Xew Guinea, Fendler^®*^ found the resin content to vary

with the age of the tree, as follows

:

« ‘f trees

"W-ars

4

Resin
Per cent

27.0

41.0

11.0

8.5

Tlie values obtained by \V. R. Tronip de Haas at Buitenzorg were

:

Age trees

Years

4

Resin
Per cent

36.4

31.6

8.9

This same author found the resin content of the rubber to vary with the

(li>taiice of the tapping cut up the trunk of the tree. In the case of a 20-year
old tree, he rep« »rted the Tovving variation :

Distance
ifx.ivi* grouiifi

}^Ieters

1.3

Resin
Per cent

- ± ia

9 R A

15

With samples from a 25-year old tree, he-^^^ found that the resin content
of rubber from the trunk i at a height of 4 meters) was 4.9 to 6.1 per cent,
frnm the older parts of the roots 8.4 to 8.6 per cent, and from the younger
parts of the roots 23.7 to 24.2 per cent. Moreover, from the leaves and leaf

-talks, A. Preyer^'^^ was able to obtain rubber which was elastic and not
sticky.

hi the case ut certain of the rubber-producing vines, the quality of the rub-
ber has likewise ])eeii found to vary considerably with the age of the plant
Thus J. Parkin and J. Dybowsky^^® found that the rubber from young
Landoiphia Hcudelotfi plants was not only small in quantity but also low in

finality. Furthermore, Jferkin obtained good rubber from the older branches,
but only a sticky substance from the young twigs of Landoiphia Kirkii. The
same observation was made by H. Jumelle and H. Perrier de la Bathie in

the case of L, yassipcs, and by H. Jumelle in the cases of Landoiphia
J lihi^stiguiii. ijOnocrypta Grevii and Cryptosfegia iiiadagascaTiensis. The
last-mentioned investigator also obtained a sticky product from the younger
branches and from the base of the stem of the Landoiphia mandrianamho
plant. At a certain height up the stem good rubber was usually obtained.

tej

1903,
IHd..,

8, 140 (1904).
'-'i’.’. 3i::rettzori], Verslag voor het jaar,
73 and 1904, 51.
2903, 72.

Ibid., 1904, 51.m Tr0petip:Banser, 4, 23'*

Rt^y. Botan. Card. V' C:r-. 1. 16'’

(IS99).
^ » o-

^^Uagr, prat, 4, 272 (1904).
Jumelle, H., and Perrier de la Bathie, H..
Les Landoiphia et les Mascarenhasia a

^outchouc du Nord de I’Andalava,” p. 28,
Paris, 1910.

> v <

“Rubber Recueil,’' 37 and 35, and “Les
Plantes a caoutchouc et a gutta,” p. 264,
Paris, 1903.
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Influence of the Season, Climate, Soil and the Treatment
Given the Tree

Since the percentage of vFater in latex is greater in wet than in dry' weather,

it is apparent that the season of the year can exert an influence on the compo-

sition of the latex. On the other hand, any influence of the season on the

properties of the rubber has not yet been estalilishecl, according to O. de

Vries.^^^

Changes in the composition of the latex usually take place during the time

when the tree loses its leaves, or subsequently, while it is standing bare or

forming new leaves and flowers. According to de Vries, rubber obtained

during this period frequently exhibits, after coagulation, a strong violet

coloration. During this period, the percentage of quebrachitol in the latex

may also sink from 2.0 to 0.5 per cent, and the reducing sugar may largely

disappear. On the other hand, the properties of the rubber produced do not

appear to deviate much from normal.

Other factors capable of afifecting the total yield and also the water content

of latex include the nature of the soil, the use of fertilizers, the care given the

plants, and various diseases. Whether these factors also influence the proper-

ties of the rubber has never been determined with exactness.^^^ Rublier dif-

fering little from normal was usually obtained by de Vries from trees

which had been topped and subsequently transplanted. The same author

also found that lack of care of the tree did not affect the properties of the

rubber.

Influence of the Method of Tapping

The method of tapping used has considerable effect on the composition of

the latex obtained. The rubber content is high as a rule at the beginning

of a tapping period. Upon continued tapping there is soon reached a state of

equilibrium, characterized by the fact that the composition of the latex re-

mains approximately constant, provided the external conditions are con-

stant and the tree does not pass through the “wintering"’ period. In the case

of abnormally heavy tapping, as was formerly the usual case upon planta-

tions, the decrease in rubber content continues until a value of 16 per cent

or less is reached. Under these conditions the protein content likewise de-

creases, but generally at a slower rate than the rubber content. The ratio

of resinous materials to pure rubber appears to be ir^epeiident of the tapping

procedure. The carbohydrate and ash contents often seem to increase with
heavy tapping, although they sometimes remain unchanged or even decrease.

If the trees are allowed to stand untapped for some time, the changes
which occur in the composition of the latex are the reverse of those resulting

from heavy tapping; i. e., the rubber and protein contents steadily increase.

Latex of high rubber content is also obtained when, during tapping, the base
of the trunk is reached and a beginning is made on a new tapping surface.

Properties especially affected by the method of tapping include the rate

of vulcanization and the viscosity of the solution of the rubber. When tap-

ping is moderate, these properties remain practically unchanged. With

Rubbercultuiir, 7, 217 (1923). Arch. Rvhbercnltuiir, 6, 289 (1922).
“ de Vries, O., “Estate Rubber,” p. 49. Compare W. A. Arisz in Mededeel. Besoe-
de Vries, O., “Estate Rubber,” pp. 47 and 70. kisch Proefsta. Rubberserie No. 13 (1920);

^Mededeel. Centraal Rubbersta., No. 37 No. 24 (1927); and de Vries, O;, “Estate
(1923). Rifbber,” p. 62.
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1 „- - nf -,n increase in the rate of vulcanization of the

heavy tapimis, more oi

^ ^-iseositv of its solution result. A pause in

ruhher and a
' opposite direction. An unvarying relation-

to ife “I

"

"'Vhtr.S' uitwi'Cems to have no significant inflnence on the nte-

the utino
a|,p rubber after vulcanization,

chamcal properties
_ o-reatest possible uniformity it is ad-

visal.le nut
'

periods, for beginning on new tapping surfaces,

tribute the dates
.

the tLes, so that these changes will be occurring only

ant! e\tn lor toppn
anv o-iven time. Although the adverse

on a of the rubber cannot
effect of the “wintering of the tree on tne^^u

"hmeS" «hll“it tlfffercnt tinws tor the individnal trees on a plantation.

A SSi^cSisatioo is thns brought alantt bv the trees themselves.

Influence of Methods of Preparation and Storage on the

Appearance and Properties of Rubber

V.tRI.VTIONS I.\’ THE APPE.-tR.^NCE OF CrUDE RuBBER

\ltliough appearance does not play the part in the evaluation of crude

rubber that it formerly did, some importance is still attached to a uniform

appSrance, especially 'in the case of the more valuable commercial grades.

iS the preparation of plantation rubber, the constant endeavor is therefore to

uniduce rubber of normal appearance. Below is presented a discussion of the

various observed deviations from normal appearance, which deviations are

sometimes accompanied by a lowering of the properties of the rubber.

Presence o£ Air Bubbles

Air bubbles can easily be introduced into rubber (especially sheets) at the

time the latex is being poured into the mixing tank and diluted, or when the

coagulating agent is being added, provided the subsequent coagulation is

too rapid for the bubbles to escape. This defect, which is primarily one in-

volving only the external appearance of the sheets, can readily be avoided by

making the' coagulation process slower and by carefully removing all foam

before coagulation.
_ ,

Decompositions occurring during coagulation (maturation— p. iUZj

can also result in the formation of gas bubbles. The presence of such bubbles

can lie prevented by the use of anti-coagulants, by more rapid working of the

coagula, and bv faster dryung.

It is reporte'd by J. C. Hartjens that air bubbles of the size of a pea or

larger can lie produced on the upper surface of suspended sheets, when the

roof of the drying house is too strongly heated by the sun. By so protecting

the roof that the temperature of the drying house never reaches 70° C., this

defect may be avoided.

^ Mededeel, Proefsta. Malang., 2.7

1

12 ( 1919 ).

See
43 ?

Vries, Arch. Rubberc»Uuur, 2,

4, 313 ( 1920 ).
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Dark Coloration of Rubber

In the case of Hevea, darkening of the rubber results largely from the pre-

viously described enzymatic oxidation of certain serum constituents {see p.

101). According to B. J. Eaton, rubber much lighter in color can be ob-

tained by coagulating and drying in an atmosphere of pure carbon dioxide.

T. Fetch has recommended warming the diluted latex to 70 or 80° C. in

order to kill the enzymes. As an alternative procedure, the sheets may be

warmed immediately after coagulation of the latex. C. Beadle and H. P.

Stevens propose to accomplish the same result by immersing the coagulum

in boiling water for 10 to 15 minutes. The properties of the rubber seem to

be affected adversely by this procedure, however. At the present time the

above mentioned methods are scarcely used at all. The customary modern
method for preventing the darkening of rubber involves the use of sodium
bisulfite. Other reagents, such as formaldehyde and sodium thiosulfate, have

also been recommended for the purpose. According to Edwardes,^^^ crepe

rubber obtained by coagulating with a mixture of sodium silicofluoride and

/
1-nitrophenol is no darker than ordinary commercial ‘'pale crepe.”

The method of partial coagulation is much used for the purpose of pro-

ducing especially light-colored rubber. The first step in this procedure is to

add to the latex a quantity of acid insufficient for complete coagulation. The
skin or lumpy mass formed by the coagulation of part of the rubber carries

with it not only the impurities but also most of the yellow coloring material

and the oxidizing enzymes. After separation of this mass, further addition

of acid enables the production of rubber which is especially light, and some-
times even white in color.

J.
Edwardes recommends the addition of sodium bisulfite to the latex in

the collecting vessels and agitation after the first addition of acetic acid in

order to hasten agglomeration of the coagulum. After withdrawal of the

first coagulum, the remaining latex is passed through a strainer (60 mesh)
and is then completely coagulated by means of additional acid.

Another procedure suggested for the production of light-colored rubber

consists of stirring the latex continuously while gently warming, and remov-
ing the scum thereby produced.

Since extra expense is attached to the two methods mentioned above, they

are used but little at the present time.

According to investigations conducted by the writer, darkening in the

case of Manihot Glazlovii may be avoided to a certain extent by treating the

latex with oxalic acid, Purub, nitric acid, or hydrochloric acid as soon as

possible after collection. Oxalic acid in the form of a 0.5 or 1 per cent solu-

tion gave the best results. The extent to which the properties of the rubber
are injured by such a process was not investigated.

In the case of Castilloa, “after-darkening” may be prevented by repeated

washing of the creamed rubber particles, according to C. O. Weber (see p.

133). This treatment removes the coloring matter and possibly the active

enzymes as well. A similar method was proposed for Kickxia elastica by D.
Spence.®^^

Dept, Agr. Federated Malay States, Sp. Bull.
No. 17, 36 (1912).
JPetch, T., “The Physiologry and Diseases of
Hevea Brasiliensis,” p. 23, Dulan & Co., Lon-
don, 1911.
“Rubber Recueil," 358 .

Bm//. Rubber Growers’ Assoc., 8, 34 (1926).
Kaiitschuk, 1, 14 (1925) and Bull. Rubber
Growers* Assoc., 7, 327 (1925).
de Vries, O., “Estate Rubber,’* p. 392.
Zirans^mann, A., Pflanser, 6, 117 (1910).
GurM-Ztg., 22, 1375 (1908).
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\ flirk cnInratiMii c-f iIk.* riihbcr can also result from the use of certain
and cliNiiifectini]^ at^enls. Thus Ilevea ruhher, prepared hv the

n-e uf phenol, pyru^'allol, and picric acid, exhibits a dark color, accordino- to
Ux, S. Since phenol forms highly colored compounds with fron
-alts, care must he used to prevent contact of the damp rubber with such salts
i a^ occur wlieii washing in iron vessels), in the case of Ivlanihot rulTer
coagulated wiili phenol.

Smoidiig cniistitutes still another method by which a darkening of Hevea
rubber may ]>e produced. In most of the applications of this rubber such a
coloration is not a matter of importance. In fact, the darker color is often
an advantage to the manufacturer, since it covers up minor variations in

Ciilor wliicli might lead to rejection in the case of articles made from lia^t

nil Ter. An >-Xy^x'tXn to smoked sheets, however, is that their color is not
uniform. Sb^wer drying, and the consequent greater precipitation of smoke
coiistitiieiit.-, is the explanation offered by J. C. Hartjens for the presence
of darker colored borders on sheets. Dark spots may result from the contact
of tlie slieets with each other when hung up to drain, and their remaininc^
damp longer at the points of contact.

^

Various Kinds of Spots

Diffcn-ent kinds of microorganisms can gain entrance into latex, and, if not
killed in time, develop so rapidly during the coagulation and subsequent dry-
ing uf the sheet or crepe rubber as to cause spots of various colors. As an
e-xample, BadUns prodigiosus often produces carmine red spots in rubber.
Various other bacteria, and also fungi, have been proved by T. Fetch, C. K
Haiicruft^^s and .V Sharpies to be the cause of spots in rubber. '

Accord-
ing to \\d BrownS"^' blue and yellow spots in crepe rubber are produced bv
certain >pecie> of Fusarhim and Penkilllum.

It is stated by X. S. Suhngen and 1. G. FoD-^ that most of the liviiF
microorganisms in wet rubber do not change the physical properties of the
ml Ter.

^

Tile rubber lu'drocarbon is attacked and assimilated, however, (and
a Imvering in viscosity thereby produced) by two species of Actinomyces
i.-l. dasiica and A. fuscus), which commonly occur in garden soil and in
sewer water.

_

hi combating the occurrence of these organisms, the primary consideration
IS that of the cleanliness of all instruments, machines, and containers with
winch tlie latex and the coagula come in contact. On plantations where in-
icction IS widely spread, a thorough cleaning of the whole establishment i?

rc-cummended. A mechanical puritication of the water used in washiiw mav
ai.u oe pt service.

_

Disinfecting agents should also be added to the latex, in

ca.>es ot very had infection. Quinosol (0.1 gram to each liter of latex)
especially recommended tor the purpose by O. de Vries.522 Por preventing
nitection by fungi, H. _P. Stevens recommended bathing the freshly rolled
.dieets lor three hours in a 0.1 per cent solution of para-nitrophenol or addin?
tnL> reagent to the coagulant used (acetic acid or sodium silicofluoride) On
amdier occasion, Stevens ^24 proposed to accomplish the same purpose bv
adding dinitro-orthfj-cresol to the coagulating agent.

12, l.=;3 (1913).m Malan>j., 27, 13 <1919).“
‘ Cy ^

r - "W.vtr Physiology and Diseases of

isTl
Diilan & Co., London,

Malay States, Sp.
Bull, No. 16 (1913).

^

Ibid., No. 19 (1914).
Kaitfscbuh, 1, 20 (1925).

^'*U9”T)
P'^'fO-sitenk., Abt. 2, 40

,
84

sSt® ‘‘Estate Rubber,’’ p. 91.
Growers' Assoc., 7, 560 ( 1925 ).

Bull. Rubber Growers' Assoc., 8, 594 ( 1926).
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The tendency for these discolored spots to spread can be retarded by rapid

drying'-
Moreover, the isolation of the affected part from the sound part of

the rubber, immediately after the discovery of the former, will hinder the

further spread of the discoloration.

Mold

Coatings of mold often appear on dried rubber during storage and trans-

portation. In the tropics these are generally to be attributed to the ordinary

mold fungus, Penicillhim glaucum. Since the occurrence of mold is favored

bv dampness, the recommended procedure is to pack the dry rubber as soon

as possible, dry the cases used as thoroughly as possible in the sun, and protect

the packed cases from moisture as completely as possible.

The formation of a coating of mold is also retarded by smoking, although

complete protection is not afforded. In the case of sheets which are not

smoked, the danger of the formation of mold is greater than with crepe

rubber, since the former generally retain more moisture and serum constitu-

ents, from which the fungi can obtain nourishment. Such being the case, it

is desirable to immerse the rolled-out coagula (from which sheets are to be

made) in water for some time in order to dissolve out the soluble serum
constituents from their surfaces. As emphasized by O. de Vries, it is

preferable to carry out this treatment only after the final passage of the rub-

ber through the rolls, since otherwise it is possible again to place on the

surface serum constituents which are favorable to the growth of mold.

L R. van Dillen, C. Knaus, G. M. Kraay and R. Riebl recommend im-

mersing the coagula in a saturated solution of sodium silicofluoride for

the purpose of avoiding the formation of mold. According to T. E. H.
O’Brien, the appearance of mold can also be prevented by placing the

coagula, immediately after washing, in a 0.1 per cent solution of para-nitro-

phenol for one-half to one hour, or by adding to the latex one gram of para-

nitrophenol for each kilogram of dried rubber. From the standpoint of the

properties of the resulting rubber, this process is said not to be disadvan-

tageous.

P. Schidrowitz and H. A- Goldsbrough,^28 o. de Vries,^29 ^nd H. P.

Stevens agree in the opinion that the properties of rubber are not changed
appreciably by mold, provided exposure to the mold is not prolonged. A more
or less steady decrease in the weight of the rubber does occur, however. In

one experiment by de Vries, for instance, the loss amounted to about 4 per

cent in 40 days, 7.5 per cent in 9 months, and 31 per cent in 5 years. Since

the chemical composition of the rubber sheet exposed to mold deviated but
slightly from that of the fresh rubber, it seems that the mold fungus must
attack the rubber hydrocarbon and the non-rubber constituents at approxi-
mately the same rate. After exposure to mold for 5 years, a distinct loss in

the properties of the rubber was evident. This rubber had also become
somewhat tacky.

Greasiness

“Greasiness’' is the term used in the Dutch and English literature to desig-
nate a phenomenon characterized by the surfaces of sheets feeling damp to

^ Arch. Rubbercultuur, 3, 339 (1919). Arch. Rubbercultuur, 11, 279 (1927).
Z^bid., 12, 61 (1928).

Rubber Res. Scheme Bull., 42, 1926. Bull. Rubber Growers” Assoc., 3, 472 (1921);
^ India Rubber J., 44, 149 (1912). 4, 330 (1922).
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*he touch ?nd bv the formation of small drops on the surfaces when exposed

: mn ct air "Greasiness” results from the presence of a relative y large

of hygroscopic serum constituents m the sheets. It can be com-

bated '.'as in the case of the formation of mold) by dissolving out the soluble

material after rolling out the coagulum.

Rustiness
. , • , ,

-Rustiness’- develops principally on smoked sheets It is characterized by

thcSairrence cm the nibber surface of a thin dry film which ends to crack

vhe 1 e dieet is elongated. This film consists of serum constituents ^^^,ch

Sliemted at the surface while the sheet is still wet. Ihe separation of the

!m.m constituents results from the activity of aerobic microorganisms, which

chaiiLce these constituents into a jelly-like mass.-'
, j,. • ,t,

•Kiness” can be avoided, according to H. I. He lendoorn by drying the

uirkie of the washed sheets as rapidly as possible, and thus gmng the

nficro.Vganisms no opportunity to decompose serum constituents. For this

otirpose the sheets, before removal to the smoke-house, must be hung in a

place exposed to draughts at sufficient distance f/om one another to permit

nf free drainage. Although soaking (extracting the rolled sheets with wa er)

has no influence on the occurrence of ‘-rustiness,’; such a procedure is advis-

able from the point of view of the reduction in moldiness, according to

The addition of quinosol to the latex or immersion of the rolled sh^ts in a

fjuinosol solution is also recommended for combating “rustines^s. This re-

agent has no deleterious effect on the properties of the rubber.» -

The Development of T.^ckiness and Rel.vted Phenomena

IN Crude Rubber

General

From the iatices of many rubber plants, notably the rubber-producing vines

and various species of Euphorbia, there is always produced a more or less

sticky or tacky rubber, regardless of the method of preparation used. It

seems justifiable to attribute this tackiness to the resinous substances which

invariably occur in relatively large proportions in these Iatices. Under certain

cr.ndition's. however, it is also possible to obtain a more or less sticky mass

when drying the coagulum from a latex which ordinarily yields rubber with-

out a trace of tackiness. [Moreover, crude rubber sometimes becomes tacky

in storage, although it was in good condition when first produced. In extreme

cases, cnide rubber can harden to a varnish-like, inelastic mass, or change

into an even more brittle state, from which it may finally decompose into a

powder. Rubber which has reached this stage usually yields a very low grade

product when vulcanized (if it can be vulcanized at all).
_

An absorption of oxygen and a consequent increase in weight generally

accompany the changes described almve. Further discussion of the chemical

reactions involved is presented in the section on “Physical Testing Methods”

“See H. E. Hellendoom, Arch. RubbercKhuxr, T. E. H. O’Erien and M. Park, Rubber Ris.

-r j j 1 Scheme Bull., 31 (1923).
3, 419 J, Grocnew^e, Mededeel. ^ W. Spoon, Arch. Rubbercultuur, 4, 335

Alg. Pr&efsiA. Lsmdb&Mw, Ho. 11 {1921); and (19*20).
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of this book. Aside from oxidation, structural changes in the rubber occur.

The resulting products usually behave towards solvents in a manner different

from that of normal rubber. The lowered viscosity of their solutions is

particularly noteworthy. These structural changes are therefore probably to

lie traced back to changes in the degree of polymerization.

Light and heat are two other factors which favor the development of tacki-

ness. Certain chemical agents, especially those that are catalysts for oxida-

tion, can also cause tackiness. Since the rubber hydrocarbon in normal crude

rubber seems to be protected from oxygen by certain protective agents (pro-

teins and resins), it is evident that tackiness is promoted by the use of agents

or preparations which partially or completely destroy these protective sub-

stances. On the other hand, the development of tackiness is retarded by the

addition of substances (antioxidants) which oppose the absorption of oxygen

liy the rubber hydrocarbon.

*The observations relating to the structural changes of crude rubber only

are presented in this section. The changes taking place in vulcanized rubber

(luring aging are described in the section on “Physical Testing Methods.'’

The Action of Light

That dry rubber becomes tacky when it is exposed to direct sunlight has

ken observed by numerous authors; notably J. Parkin and B. J. Eaton
in the case of Hevea, and A. Zimmermann in the case of Manihot. Fur-
thermore, P. Ahrens was able to demonstrate that exposure to light pro-

duced tackiness. His method consisted of exposing a fine Para rubber film

under a negative plate, and then dusting it with pollen, which remained at-

tached to the tacky parts only. He was thus able to obtain a “positive” with

all stages of transition.

Rubber can apparently be exposed to diffused daylight for as long as desired

without becoming tacky.

Moreover, many kinds of rubber can apparently be exposed to direct sun-

light without developing tackiness. K. Gorter reported this to be true for

a sample of Hevea rubber which was subjected to the direct light of the sun
for four years.

It has been proved by different investigators that the development of tacki-

ness is not the result of the direct action of light, but is rather to be ascribed

to the fact that light promotes the oxidation of rubber. V. Henri demon-
strated that oxidation is essential to the development of tackiness, by exposing
rubber sealed in an evacuated quartz tube, and observing the absence of

tackiness.

E. Fickendey also observed that rubber sealed in tubes containing only
oxygen-free gases (hydrogen, nitrogen or carbon dioxide) did not become
tacky, even after exposure to sunlight for weeks. On the other hand, rubber
sealed in tubes with ordinary air readily became tacky, while that with pure
oxygen developed a decided tackiness even more rapidly. In a further ex-
periment by Fickendey, it was found to be possible to retain the elasticity of
rubber in sunlight by keeping it under water and thus preventing the access
of oxygen. Rubber exposed to the sun but stored in hydrogen peroxide be-

^ Roy. Botan. Card. Ceylon, Circ., 1, 151
(1899).

^Dept, Agr, Federated Malay States, So. Bull.
No. 17. 25 (1912).
Zimraermann, A., “Der Manihot-Kautschuk,”
P. 250, G. Fischer, Jena, 1913.

Chem.-Ztg., 34. 266 (1910).

Dep. Landb, Nijverh. en Handel. Mededeel.
over Rubber, 1, 4 (1911).

Caoutchouc and gutta-percha, 7. 4371 (1910).

Kolloid-Z., 9, 81 (1911).
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eaiiic tacky in a few «lay>, whereas that similarly stored but exposed only to

diiiTii-ed dayliylil or to no ligb.t at all was kept for weeks without beconiing

niiliceably sticky. Aljsijrption of oxygen and increase in weight have also

!*ee!i of)served in the case of tackiness occurring in the light.

i\. « i«;rter confirmed the observations of Fickendey by sealing samples

Iff lliinieu rubber in tubes tilled with oxygen, air, hydrogen and carbon dioxide

res]iective:y, am! laying them in the sun from one to eight hours each day tor

IWH week>. At the end of tliis time, only the samples sealed with hydrogen

and with carbon dioxide remained unchanged. The other samples had be-

Dime very tacky, that sealed with pure oxygen being partially liquefied in

lact.

In the case of Hevea ruliber exposed to light in pure oxygen, Gorter found

the absorptiisii of oxygen to amount to 3 per cent of the weight of the rubber.

Wlien sealed with air, the oxygen absorption was but 0.6 per cent.

( 111 tlie other hand, in a series of experiments involving the exposure of

vine rubber and Castilioa rubber to light for months, Gorter found no appre-

ciable increase in weight to accompany the development of tackiness. He
a-siimed that diictiiatioiis in the water content influenced these results.

Gjurter observed a very pronounced oxidation of rubber when he brought

a thill nieiiforaiie « made by the evaporation of a benzene solution of rubber)

hnu contact witli oxygen in diffused daylight for a long time. At first the

reaction priJceedcMl very slowly, the absorption of oxygen being only 5 per

cent of tile weight of the rubber after 20 days. Upon the termination of the

experiment, after lA) days, the absorption of oxygen amounted to 60 per cent.

By extraction with water, Gorter was able to isolate an aldeh}'de
( probably

levnliiiic aklehyale j from vine rubber which had increased in weight by 1.33

per cent while being exposed to sunlight from 1 to 8 hours a day for 6 week.s.

i..eviilin!c acid wa> probably also present.

WUrking with iiuniial Hevea crepe, G. S. Whitby observed that the

quantity ui material suliible in acetone changed from 2.63 to 3.23 per cent

irpijii exposure of the crepe to direct sunlight for 3 months. The value in-

creased t<j S.33 per cent after 9 months’ additional exposure. Whitby’s ex-

planation was that U-p 'lyr/.c-rization, followed by oxidation, had taken place.

hi contrast ti» the-L- results, G. Hrindejong ^^2 asserted that, in the case

of rubber from Landoiphla Heudclotti, there is no increase in weight accom-
panying the develupnieiit of tackiness in light, and that the explanation of

this fact is to be traced to changes in the molecular state.

Accijrdiiig to \b Henri,"'^^ ultraviolet light is especially effective in pro-

iiioiing tackiness. He found that crude rubber (brown Para and light plan-

tatiuii riililier I, when exposed to the ultraviolet light from a mercury vapor
lanip, developed cracks rapidly, became partially tacky, and lost its elasticity

entirely. A thin sheet of rubber prepared from a benzene solution became
tacky even more rapidly.

K. Asano showed that it is possible for ultraviolet light to bring about
changes iii the structure of rubber when acting in the absence of oxygen. In

his experiments, use was made of quartz test tubes transparent to light of

wave lengths down to 2000 A. The condensed spark discharge across iron

and aluminum electrodes served as the source of light. The gases used were
carbon dioxide, hydrogen, nitrogen and air, the latter being used for com-

Medeieei. over Rubber, No. 2, 29.
^pKoHoid-Z., 12, 191 (1913).
«-Z. mifiezr. Ckem., 21, 1008 (1908).

“Lectures on India Rubber,” edited by D.

Spence, p. 203, 1909.
« India Rubber 70, 307, 347, 389 (1925).
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^arison. Asano found that light with a wave length below 2250 A was

especially effective in causing a rubber film, sealed in an inert gas, to become

first turbid and rough, and finally wrinkled and brittle. Moreover, a large

part of the rubber hydrocarbon was changed into a substance insoluble in

rubber solvents. Asano considered this substance to be a polymerization

product of rubber. That portion of the rubber which was still soluble showed

a low viscosity in solution, and was designated as a depolymerization product

of rubber. It is therefore Asano’s assumption that lays of wave length

around 2250 A bring about depolymerization as well as repolymerization. In

ordinary air, on the other hand, light of this same wave length caused crude

rubber "to become transparent and tacky. An oxidation of the rubber took

place, probably preceded by depolymerization. Light llaving a wave length

above 3100 A had a much smaller effect, and that above 5000 A had. none

whatever.

The above-described effects of light are proportional to the quantity of

light absorbed. The color of the rul)ber also exerts an influence on the in-

tensity of the effects.

F. Kirchhof was al)le to show that it is possible for light to bring about

the production of dark-colored substances which oppose any further oxidation,

particularly in the case of sheets.

Rubber which had become tacky from exposure to the sun was shown by

0. de Vries and N. Beumee-Nieuwland to have an increased plasticity and

a decreased viscosity. Rubber preserved in the dark did not undergo these

dtaiiges.

The Influence of Temperature

That tackiness in crude rubber can often result from excessive heating dur-

ing and after drying has been demonstrated by P. Schidrowitz and others.

K. Carter also ol)served that Hevea and Ficus rubbers became tacky

upon preservation for one month at 60° C., either under water or in a drying

wen. He demonstrated later that an oxidation process was involved in the

phenomenon. Upon heating one part of a sample for one month at 60° C.

in an atmosphere of hydrogen, and the other part in air, he found that only

the latter became tacky.

According to T. Marx and A. Ziminermann,^^® tackiness may be 1)rough

t

about by radiant heat; for example, that from a corrugated metal roof on
which the sun is shining. O. de Vries reports that a deleterious effect on
the properties of the crude rubber does not always accompany the changes
produced by heating. A normal viscosity in solution and a normal behavior
upon vulcanization were exhibited by Hevea crepe which had become soft

and tacky as a consequence of heating. De Vries designates this phenomenon
as “stickiness,’’ to distinguish it from ^‘tackiness,” which latter phenomenon
is accompanied by a decided change in physical properties.

According to H. Pohle,^^^ the change of normal rubber into tacky rubber
(which he designated as modification y) can be accomplished by oxygen, by
sunlight, or by steady heating. He emphasized, however, that no absorption
of oxygen takes place, and that the ox)^gen merely brings about depolymeri-
zation.

^Kautschuk, 3, 243 (1927).
^ArcJi. Rubbercultuur, 11, 563 (1927).

'^Vchidrowitz, P., “Rubber,” 2nd ed., p.
Methuen & Co., Ltd., London, 1916 .

136 ,

Dep. Landb. Mijverh. en Handel. Mededeel.
over Rubber, 1 , 4 (1911); 2 , 24 (1912).
Tropenpflanser, 25, 39 (1922).

B60 Vries, O., “Estate Rubber,” p. 362.

Kolloidchem. Beihefte, 13 , 32 (1921).
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Mechanical Working
K. Gorier found that the surface of Hevea crepe became somewhat

tacky upon passing it 100 times through a mill with smooth rolls. Possibly
the effect of heat can account for the tackiness produced. According to T
Marx and A. Zimnierniann,^*”''" neither damp nor dry rubber is rendered tacky
liy mechanical working, provided no appreciable development of heat ac-
companies the working.

Bacteria

Since rubber which antiseptic agents f especially creosote) had been
added did not become tacky upon exposure to sunlight, K. Bamber con-
cluded that the development of tackiness is to be traced back to the action of
ftacteria. On the other hand, P. Schidrowitz found that antiseptic agents
did not retard the development of tackiness in the least. Moreover, it was
reported by G. Bertrand that African rubber obtained directly by boiling
the latex was more subject to tackiness than that resulting from coagulation
in the cold. He also stated that the development of tackiness was most rapid
in direct sunlight, despite the fact that the sun’s rays are destructive to
microorganisms.

T. Marx and A. Zimmermann were not able to establish any relation-
ship l^etween putrefaction and tackiness, in the case of Manihot rubber.

It seems probable, therefore, that bacteria do not cause tackiness in rubber
as a general rule. It was demonstrated by D. Spence, however, that they
mav favor tackiness indirectly by converting the proteins of the rubber into
acidic substances which constitute a suitable medium for the development of
tackiness. The same view was expressed by G. Bertrand.^^® K. Gorter^®®
also observed that when sheets were placed one upon another, putrefaction
occurred and moisture was liberated at certain places. It was at these places
that tackiness started and from them spread to other parts of the sheets.
\ . Henri, working with rubber of different origin, also observed that a
brown coloration, softness, and tackiness were to be found at places on which
fungi had developed.

Method of Coagulation

According to F. Frank,5^2 ^^cky rubber is obtained when the rubber of the
latex, which is in a low state of polymerization, is not converted immediately
upon coagulation into rubber of a high degree of polymerization. Such a
^tuation may occur, for example, in the case of coagulation in large lumps,
f ortions of the latex which have not been coagulated at all, or have at best
teen changed only into rubber of a low state of polymerization, are frequently
inclosed m such lumps. From observations made on Kickxia and Manihot,K Prank and E. llarckwald®®* concluded that the more rapid the coa?u-
lation, the higher is the state of aggregation.
The statement of F. Ripeauso-* that rubber obtained from diluted latex

becomes tacky in the sun, whereas that from concentrated latex does not, was
Dep. Lsndh. XijTerh. en Handel Mededeel
over Rvbber, No. 2 CI912).^ Tr0penpfiimser, 2S, 40 (1922).
“f-ectures on India RubWr,” edited by D
Sl^ce, p. 201, 1909,

P., “Rubber,” 2nd ed., p. 136,
r.. 1916.

20, 1018 (1906).
TmpmpJfoBcer, 2S, 85 (1922).^ KijtUmd-Z., 4, 70 (1999).

‘‘Lectures on India Rubber,” edited by D.
Spence, p. 200, 1909.
Dep. Landb. Nijverh. en Handel Mededeel.
over Rubber, 1, 3 (1911).

and gutta-percha, 7, 4371 (1910).
^-Pflanser, 5, 177 (1909), and India Rubber!.,

61. 1237 (1911).
257 (1910); Gummi-Zig,, 25,

^^7 (1911); and Kolloid-Z., 5, 189 (1909).
Rip^u, F., “Caoutchoucs amazoniens et

asiatiques,” p, 39, Paris, 1914.
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not confirmed by Riebl, according to O. de Vries and N. Beumee-Nieiiw-

land.^^® On the other hand, latex very much diluted (to SO times its original

volume) gave tacky rubber when coagulated with acetic acid, but not when
coagulated with aluminum chloride.^®^^

The literature contains very divergent opinions regarding the influence of

the protein content upon the tackiness of rubber. According to F. Frank,

rubber rich in proteins is especially ^susceptible to the development of tacki-

ness. On the other hand, Spence’s observations indicated that the prob-

ability of tackiness is greatest with rubbers containing the very smallest

proportions of proteins. The same opinion is also held by J. Groenewege;*''*®^

but not by O. de Vries and N. Beumee-Nieuwland.^^^ The latter investigators

observed that rubber prepared with papain did not become tacky.

It has been stated by P. Schidrowitz that alkalies favor the occurrence

of tackiness.. B. J. Eaton has also observed that the rubber obtained after

immersing the coagulum in an alkaline solution easily l)ecomes tacky.

Rubber prepared from ammonia-preserved latex does not, in general, tend

toward tackiness, according to O. de Vries and N. Beumee-Nieuwland.^’^^

Only the top layer of the cream which forms on such latex yields ru])ber which

readily becomes tacky.

De Vries and Beumee-Nieuwland report that a product which very

easily becomes tacky is obtained from the pasty mass resulting from the addi-

tion of a strong solution of caustic soda to Hevea latex. The caustic solution

apparently forms a substance which causes tackiness (especially in an alkaline

medium) but which can be almost completely removed by washing. Further-

more, these investigators state that, when the tackiness is produced by

alkalies, the rubber becomes soft, sticky and opaque, and finally so loses its

shape that a doughy mass results. This mass may remain soft and sticky for

a year or so, and becomes hard only after a very long time, if at all. Light

plays no part in causing tackiness of this type.

It is stated by de Vries and Beumee-Nieuwland that rubber obtained

from strongly acidified latex by partial neutralization, or by allowing sepa-

ration to take place gradually and spontaneously, shows a pronounced tend-

ency to develop tackiness, especially in the light. An increase in weight,

amounting to from 4 to 12.5 per cent, may accompany this phenomenon,
0. de Vries and H. I. Hellendoorn observed that crepe prepared by the

use of hydrochloric acid had become entirely tacky after 2 years. In the case

of rubber of this type, tackiness is strongly favored by light, according to

de Vries and Beumee-Nieuwland. In the dark, such rubber may remain in

good condition. A 9 to 12 per cent increase in weight accompanies the de-

velopment of tackiness. Such rubber is rather rapidly transformed into a

bright yellow mass, which remains transparent, and which soon becomes hard
as glass.

D. Spence found that Kickxia latex, when treated with a solution (0.1

per cent) of sulfuric acid at 35° C. for about one month, yielded rubber

Arch. Rubbercultuur, 11, 557 (1927).
See de Vries and Beumee-Nieuwland, ibid.,

11, 567 (1927).
“'^Lectures on India Rubber,” edited by D.

Spence
, p . 201 , 1909.

^ Ibid. ( Discussion )

.

^rch. RuhhercultuKr, 8, 644 (1924).
Ihid., 11, 569 (1927).
Sdiidrowitz, P., “Rubber,” 2nd ed., p. 137.
Methuen & Co., Ltd., 1916.

Agr. Bull. Federated Malay States, 4, 30
(1915) and Sp. Bull. No. 27, 307 (1918).

Arch. Rubbercultuur, 11, 567 (1927).

^>*Jbid., 9, 760 (1925).

^'^^Ihid., 11, 567 (1927).

^^^Ibid., 11, 567 (1927).

Ibid., 4, 209 (1920).

^’»Kolloid‘Z., 4, 71 (1909).
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wliii-li was cniiii .lately tacky- In the control experinieiit without sulfuric

acid, nihher of normal nerve was obtained. An appreciable increase in weight

ha«l not accompanied the development of tackiness. Moreover, the acetone

extract of the tacky sample was only slightly greater than that of the control

sani|)1e. llie viscosity of the chloroform solution of the normal rubber was

50 per cent greater than that of the tacky rubber. Spence attributed the

tackiness to chemical changes or to clianges in the state of aggregation of the

riihher. In contrast to the results of Spence, F. Frank and E. Marckwald^'^

reported that rubber obtained from Kickxia latex by using sulfuric acid was

not especially susceptible to tackiness. Working with Hevea latex, de Vries

obtained results similar to those of Frank and Marckwald.

IManihut rubber which had been coagulated by means of a mixture of the

juice and libers of certain species of Cissns with a solution of calcium chlo-

ride. readily became tacky when exposed to light and heat, according to T.

.Marx and A. Zimmermann,^^^

Tackiness was not promoted by the use of the sap of the plant alone as the

coagulant. Furthermore, coagulation with calcium hydroxide yielded rubber

wliich became tacky more slowly than did the others tested.

Substances Promoting the Development of Tackiness

That copper salts contribute to the development of tackiness has been ob-

served by niinierous investigators. B. J. Eaton was probably the first to

observe this fact in the case of Hevea rubber. Within a short time after

adding cupper sulfate to rubber, or immersing the rubber in a solution of this

salt, tackiness was to be observed. Similar observations were made by E.

l^'icken^ley and by A. Zimmermann in the case of Manihot rubber.

I’ackiiiess induced bv cupric sulfate develops in the dark as well as in the

light.

In f)lantation practice, copper may find its way into the rubber through the

use of acetic acid contaminated with traces of copper, or from the parts of

the washing mills and other machinery containing copper. Copper in the

luliricating oils used is also a source of trouble. According to A. Sharpies,

the introduction into the latex of copper in amounts sufficient to cause tacki-

ness is not to be feared from treating the trees with Bordeaux mixture, pro-

virled sufficient care is used in the treatment.

A considerable increase in the portion of the rubber soluble in acetone takes

place when tackiness is produced by copper salts. Acetone dissolved 71.3 and

78.0 per cent of some very tacky samples examined by G. S. Whitby.^^®
IMoreover, O. de Wies has observed solubilities in acetone as high as 93

per cent. The increases in weight of samples developing tackiness (induced
ijy copper ,! were from 7 to 13.5 per cent in fourteen weeks, according to S.

B. J. Eaton, E, Fickendey,^^® A. Zimmermann, and T. Marx and A.
Ziiiimennann concur in the opinion that iron salts likewise favor the de-

velopment of tackiness.

Kulh>fj-Z., 5, 1S9 (1909).
Vries, O., ‘‘Estate Rubber,” p. 178.

r-si Tr 25, 36 (1922).
tT'- *: >' Malay States, Sp. Bull.,

No. 17, 2t)

Ki'ttloid-Z., 9, l-ll .

Ziuiuierman. A.. “Der Mar;ihut-Kaut-chuk,”
I 257. G. F.scher. lena, 1913.

I<:.r-er J., 54, 193 (1917).
Jr. V-f.r J., 45, 1043 (1913).

^s"de Vries, O., “Estate Rubber,” p. 618.
Morgan, S., “Preparation of Plantation Rub-
ber,” p. 164, London, 1913.
Dept. Agr. Federated Malay States, Sp. Bull,,

No. 17, 23 (1912).
^Kolloid-Z., 9. 81 (1911),

Zimmermann, A., “Der Manihot-Kautsebuk,”
p. 257, G. Fischer, Jena, 1913.
Tropenpfianser, 25, 84 (1922).
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Washing the coagula with solutions of manganese salts or of potassium

permanganate does not promote tackiness, according to de Vries.

K. Gorter also found no difference in the manganese contents of the tacky

and of the sound parts of a given sample of rubber.'-^ From Manihot latex

Uich had been treated with potassium permanganate, A. Zimmermann
obtained a sheet which did not become tacky in the dark nor in diffused light,

|,ut which was covered with a brittle, varnish-like layer. The rubber beneath

this layer was almost entirely devoid of nerve.

From samples of Manihot latex coagulated with potassium dichromate and

potassium chromate, A. Zimmermann obtained rubber which showed no

trace of tackiness and no loss in extensibility and nerve after seven months.

K. Gorter quotes Thompson to the effect that rubber on which oil has

been rubbed forms a soft mass, which retains its elasticity at first, but which

oxidizes rapidly in the air. Palm oil was observed to have the greatest effect

among the oils tested, whereas castor oil had the least.

Oxidizing Enzymes

It was assumed by K. Bamloer that an oxidase plays a part in the de-

velopment of tackiness in rubber. He observed that heating the coagulum

at 100° C. retarded the development of tackiness, and assumed that the death

of the oxidase accounted for the retardation. On the other hand, D. Spence

repeatedly observed the development of very pronounced tackiness on samples

of rubber in the preparation of which great care had been used to

remove the enzymes before coagulation. Furthermore, the oxidase pres-

ent is not made inactive by boiling the rubber, according to Spence. Certain

observations made by K. Gorter during experiments on solutions of rub-

ber in benzene led that investigator to oppose the idea that oxidizing enzymes
bring about tackiness. A. van Rossem w£is not able to coniirm these

observations. T. Fetch was also unable to detect any spreading of the

tackiness, when normal rubber was brought into intimate contact with tacky

rubber. Similar observations were made by A. Zimmermann and l)y T.

Marx and A. Zimmermann,®®^ in the case of Manihot rubber.

The Prevention of Tackiness

Oxidation, and also tackiness, can be prevented by the addition of tannin

to the latex, according to E. Fickendey.®®^ He observed that rubbers pre-

pared from Hevea, Kickxia and Ficus latices by using 2 to 5 per cent of

tannin, were still unharmed after several days in the sun, while those coagu-
lated without tannin had long since become tack}^ The degree of protection

increased with the quantity of tannin employed.

de Vries, O., “Estate Rubber,” p. 366.
^^MededecL over Rubber, 2, 48 (1912).
* Translator’s Note, The work of other investi-

gators indicates that manganese in certain
forms may have a very deleterious effect on
rabber. Thus Bruni and Pelizzola [India
Rubber!., 62, 101 (1921) ] caused the rapid
development of tackiness by incorporating
manganese dioxide in crude rubber. More-

analyzing various samples of tacky
nibber, they found a distinct correlation be-
tween the manganese content and the degree
of tackiness. (Also see page 613 in this
l^k.) V.N.M.
Zimmermann. A., “Der Manihot-Kautschuk,”
p. 237, G. Fischer, Jena, 1913.

Zimmermann, A,, “Der Manihot-Kautschuk,”
p. 257“, G. Fischer, Jena, 1913.
Medcdecl. over Rtihber, 1, 49 (1911).
“Lectures on India Rubber,” edited by D.
Spence, p. 201, 1909.
Kolloid-Z., 4, 71 (1909), and Giimmi-Ztg.,
22, 1375 (1908).
Mededeel. over Rubber, 2, 40 (1912),
Kolloid-Z., 12, 78 (1913).
Petch, T., “The Physiology and Diseases of

Hevea Brasiliensis,” p. 253, Dulan & Co.,

Ltd., London, 1911.
Zimmermann, A., “Manihot-Kautschuk,” p.

256, G. Fischer, Jena, 1913.
Tropenpflanser, 25, 86 (1922).
KoUoid’Z., 9, 81 (1911).
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R. iJitmar states tliat tlie ucvelnpment of tackiness can be prevented by

treating’ tl:e rubber with fr?rnialdehyde or with a mixture of formaldehyde

and !senze!ie, or by diisUiv^ it with colloidal cla^a

fJanij) rubber seems to he less subject to tackiness than dry rubber, probably

a- a consequence of the fact that oxygen is capable of penetrating dry rubber

nir*re readJIy tlian rubber still saturated with water. In order to prevent the

iniiirious eiTects of pressure and heat during storage and transportation, it

is Vecofunieiidied l)y F. Frank that some water be left with the rubber when
it is packer!. According to T. IJnrx and A. Zimmermann,®®^ damp, freshly

coagulated rubber can remain exposed to direct sunlight for several hours

without exhibiting any evidence of tackiness when dried.

fXFLl’EXCE OF ]\IeTHOD OF PKEPARATIOX OX ChEAIICAL CoMPOSITIOX

Tlie statement that crude rubbers obtained from quite similar latices may
vary cruisiderably in chemical composition, according to the method of prepa-

ration used, scarcely requires e!ai):}ra::- -n. As an instance, the fact may be

inentioiierl that riibfjer prepared by drying whole latex retains all of the

serum constituents, wliereas that from centrifuged latex contains rub])er

particles almost exclusively. INforeover, the chemical changes taking place

during [ireparation—especially the maturation which may occur in rubber

which is still damp—are capable of exerting an influence on the chemical

composition of the crude rubber.

Water Content and Hygroscopicity

The variations in the water content of different kinds of crude rubber can

Ise traced primarily to the methods of preparation, since some methods allow

a more crm[>lete rernrwal rd water than others. In the case of Para (wild)

rulduer, instance, the smoking process used does not permit of the com-
[>Iete reni' fval of moisture from the individual layers of rubber. When the

completed* ball is formed, moisture can escape onl}^ from the outer layers. As
a consequence, tlie inner part of the ball retains so much water that the loss

on washdng ' largely due to the moisture present) is generally 10 to 20 per

cent, while the similar loss in the case of crepe rubber seldom exceeds 1 per

cent. The water contents of other “whole,” air-dried rubbers are also rela-

tively large, as a c'^n-rqucnce ''d the hygroscopic substances present. As an

example of this fa;:, f-. van J\~ssem has reported that samples of rubber
of>tained by evaporating Hevea latex contained approximately 4 per cent,

smoked sheets an average of 0.61 per cent, and crepe rubber 0.42 per cent of

water. It has also been proved that the degree of dilution, the duration
nt soaking of the coagiila, and the addition of hygroscopic salts can exert an

influence on the content of hygroscopic material and consequently on the

water content of air-dried crepe and sheet rubber.

Resin Content

P. Schidrowitz and F. Kaye®^^ have reported that the resin contents of

samples of crude rubber made from the same latex may vary with the method

Cmmmi-Zif;., 41^ 1688 (1927).

5, 177 (1909),

Trep€mpf.snzer, 25, 37 {1922).

^ Kolloidchcm. Beihefte, 10 , 41 (1919).
de Vries, O., ‘‘Estate Rubber,’' p. 607.

«« India Rubber J., 34, 377 (1907), and J. Soc
Chem. Tnd„ 26 , 1264 (1907).
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of coagulation
used. In the case of Kickxia elastica, they found this variation

in resin content was from 5.30 to 7.82 per cent, calculated on the basis of the

dry rubber. (By working the samples with a solvent for resins, it was found
possible to reduce the resin content to 1.74 per cent.) An unusually high
proportion of resin (8.76 per cent) resulted when the coagulation was carried

out with formaldehyde. The experiments of F. Eduardoff indicated the

ratios of pure rubber to resin obtained upon the coagulation of the latex of

Kickxia elastica with various agents to be as follows :

2% Crude creosote 100:10
98% Alcohol 100:1:1

2% Coalatex 100:19

2% Carbolic acid 100:21

At the present time it seems impro])able that any method of preparation

can be developed which will permit of the production of resin-free rubber
without the use of solvents for resins. The above described variation of the

resin content with the method of preparation may result from the variation

in the quantities of acetone-solulde products formed by chemical reaction

during preparation.

Compounds Containing Nitrogen

Since the nitrogenous compounds in late.x are partly solulile in water, and
since they behave differently towards the various coagulants, it is apparent
that the method of coagulation should have an influence on the quantities of

such compounds in crude rubber. According to A. van Rossem,^^^ the de-
terminations of the quantities of nitrogen present indicate the protein con-
tents of various rubbers to be as follows : Hevea sheet and crepe rubber

—

an average of 2.82 per cent
; Para ruliber—somewhat less than 2 per cent; and

Kerbosch rubber (ol)tainecl by drying latex)—4.7 to 5.3 per cent. O. de
Vries states that about one-third of the substances containing nitrogen
remain in the serum, in the case of the normal coagulation of Hevea latex
with acetic acid. Although some of these nitrogenous compounds are pre-
dpitated by boiling the serum, most of them remain in solution.
With many methods of preparation, particularly those in which the rubber

is not freed from water for a long* time, it is possible for extensive decom-
positions of the nitrogenous compounds to take place.

Other Serum Constituents

The proportion of the water-soluble serum constituents which is held by
the coagulated rubber varies wdth the method of preparation used. Accord-
ing to 0. de Vries, this proportion is lowest in the case of good washed
crepe, from which only 0.2 to 0.45 per cent of the weight of the rubber can
he extracted with water. From smoked sheets, on the other hand, 0.6 to
2.0 per cent is extractable. Only about 5 per cent of water-soluble substances
can be removed from evaporated latex, despite the fact that the original latex
contained soluble substances corresponding to 10 to 12 per cent of the rubber
present. It appears that over half of these substances must either become’
insoluble upon drying or become adsorbed by the rubber particles.

^ Gvmnu-Ztg., 22, 387 (1908). de Vries, 0., “Estate Rubber,” p. 20 and

^^^KoUoidchem, Beihefte, 10, 61 (1919). ““de’Vries, O., “Estate Rubber,” p. 612.
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It is a notewortliv fact that Para rubber generally contains no greater

-iiiiuunt of serum constituents than normal crepe and sheet rubber. This

chcumstance is undoubtedly to be explained on the basis of the separation

( -Tweating out’': see p. 108) of a large part of the serum during the drying

nf the large Para halls. .

1 he fiiilovvir.g average values for the ash content of various rubbers were

ui.taiiied by van Rossem creiie 0.30 per cent : sheets 0..38 per cent
; and

Kerhn-di rubber 1.0 to 1.8 per cent.

Acid Content

Tb.e acid content of various kinds of rubber has also been the subject of

cun.d'derab!e investigation. The results obtained by Beadle and Stevens

( u-hli acidity expre.ssed as percentage of acetic acid) are as follows :

sheets
Crepe
Para rubber

Per Cent
. 0.150 - 0.292

.0.017 - 0.120

.0.120 - 0.168

Considerably larger quantities of acid—up to 0.4 per cent—have been found

in wild I Para I
rubber by other investigators.'^i^ The frequently claimed

superiority of this latter rubber over plantation rubber obviously cannot be

based on its smaller acid content.

A.-c-.rdi:.t; to \V. Crossley the quantity of acid retained by coagulated

rubber is dependent primarily upon the concentration of the acidic coagulating

agent, but also upon the nature of the acid used. A part of the acid can be

easily washed out with water, while the remainder is bound by adsorption.

KoUoidekem. Beikefti, 10, 57 (1919).

India Rubber 4I» IS (1911).

See O. de Vries, “Estate Rubber,” p. 613

India Rubber J., 18, 11 (1911), and Kolloid^

Z., 12, 49 (1913).



The Chemistry of Rubber *

By R. Pummerer and A. Kocnf

General

The Rubber Hydrocarbon and Accompanying Substances in Latex

As previously stated (p. 59 )
rubber latex is a dispersion. A partially

colloidal solution of sugars, resins and proteins constitutes the continuous

phase while the microscopic and ultramicroscopic rubber particles form the

dispersed phase.

Although the rubber hydrocarbon is present in latex as a compound of high

molecular weight, the work of C. O. Weber ^ seemed to indicate the opposite.

Weber investigated the latex of Brazilian Casfilloa clastica as it came from

the tree and concluded from his results that the rubber hydrocarbon was

present in the latex as a compound of low molecular weight. By extracting

the fresh latex with ether, he succeeded in isolating the rubber hydrocarbon

as a colorless oil. Only after the addition of a trace of formic acid, accom-

panied by a rise in temperature to 61 ® C, was the oil supposed to have been

polymerized to the true rubber molecule. Weber assumed the oil to be a

diterpene of the formula C20H32.

The opinion generally accepted today w^as first advanced by Harries,- after

his investigation in Sicily, of two latices, Ficus magnolii Borci and Ficus

ckstica. He extracted the rubber from the fresh latex with ether, and ob-

tained from the ether extract a crystalline substance for which the analysis

corresponded to the formula C30H.1SO3. The freshly extracted rubber dif-

fered only in solubility from extracted rubber which had been allowed to

stand. It gave a normal nitrosite C and otherwise exhibited all the properties

of rubber. There w^as no similarity to an aliphatic diterpene. Moreover,

after standing a short time, its soiubility became that of normal rubber.

Harries attributed the greater solubility of the freshly extracted material to

differences in degrees of aggregation of the two rubbers. Eduardoff ^

reached similar conclusions from his own work with fresh latex.

Hinrichsen and Kindscher ^ studied the molecular size of the rubber hydro-

carbon in latex by conducting molecular weight determinations directly on
the benzene extract of latex. After correcting for the non-rubber constitu-

ents in solution with the rubber, these investigators arrived at the value 3,170

as the lower limit of the molecular weight of rubber. An exact determination

by this method would hardly be possible. Even on the basis of these uncertain

determinations, however, the presence of an aliphatic diterpene is precluded.

[Viscosity measurements by van Rossem^ on rubber solutions obtained by
extracting latex with benzene also point to a high molecular weight.

t Translated by R. F. Dunbrook. ^ Ber„ 36, 3108 (1903).

rrt. 1

2 5er;, 37, 3842 (1904).
Ine chart on page 161 gives a summary of ^ Gummi-Ztg., 23, 809 (1909).
the reactions of the rubber hydrocarbon which * Ber,, 42, 4329 (1909).
are discussed in this section of the book. ^ Kolloidchem. Beihefte, 10, 9 (1918).
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l'hK‘ rnhl'ier hvdr.carJxjn of high molecular weight is therefore synthesized

the plant. Xo one lia> ever again succeeded in isolating from latex an oil

a W’eher I which is ' *'y:/:_Ti/.e'l by traces of acid. A molecular weight

,
which U the only reliable evidence that would substantiate

WcIcrX r»f»>ervation, is lacking. The oily nature of the product is no proof

tlte presence fu‘ a hydrocarbon of low molecular weight. Impure rubber

'litainrll from its solutions is frequently oily, and usually contains from one

!m three per cent of oxygen. The temperature C.) recorded by Weber
is of coiisih.crable signilicance.

Sugars, resins, proteins, and other organic substances always accompany

ndd er in latex. The literature is very extensive on this subject, as these sub-

stances are of great importance in connection with the evaluation and the

pmee-sing of niblier.

Sugars. Starch, which frequently occurs in other latices, is not found in

the most important ones, although it is present in large quantities in the cells

adjacent to the laticiferous elements. Among other types of sugars, L. R.

Dillen Iselieves that galactose, glucose, and possibly fructose are present.

They do not occur iiiiconihined and are present only in small quantities (0.3

to 0.4 per cent j. Cane sugar is not found in Hevea latex. A thorough in-

vestigation of the sugars in latex would be of real value, since the synthesis

of the hydrocarbon Ijy the plant prolialdy proceeds in some manner through

the assimilation of the car: ..fAycrates. Further encouragement for this idea

is given by the very creditable hypothesis of O. xA.schan,'^ who holds that

isoprene is formed in the plant from acetone and acetaldehyde. It is known
that these two substances can actually be prepared from hexoses by fermen-

tation.

Girard - 155 elated from latex a well-crystallized, optically inactive, sugar-

like siilistaiice « melting point 195° C.), having the empirical formula,

GHjX).;. In a careful investigation by IMaquenne,^ the product was later

identified as dimethyl-f-inositol, CXHrd 011)4 (OCH3 jo. This investigator^^

alsn fr’iind m<:»nc?meihyl-ff-inositol in latex, and de Jong^^ established the

presence of monomethyl-Z-inositol, a substance also contained in Quebracho
bark. .\cc" r lrng to Gorter it constitutes 1.45 per cent of the latex, and
ttie prop»«rtion, according to Spoon/^ is quite constant.

Resins. These substances constitute the acetone-soluble portion of latex.

After coagulation, they are present in both the rubber and the serum.* This

class includes a series of alcohols related to phytosterin, most of which have
Itcen isolated from the acetone extracts of various kinds of crude rubber.

Attention is directed to the systematic compilation of Hillen,^^ covering the

rubber resins. The resin content varies in high grade rubbers from 1 to 3

g, fJS (1922); also R.
H. Li-rer, S."--... 11, 334 (1897).

4SI, IJ 177' .

^Comr. 67, 77: :56S>; 73, 426 (1871);
77, 595 ns73‘.

* C<jmpt. 104, 1S53 (1887).
^\4nm. .-'vv. (6), 12, 566 (1887), also

Flint and Toliem, Ann., 21Z, 288 (1893).
J’* i?er. tmz\ dnm., 25, 4S (1906).
Arch. Ruthircultuvr, 1, 376 (1917).
Ibid., 5, 53^ fl92I), Accordins? to this author
and de \ ries, ibid., 7, 399 (1923), the sugar
COTtent is higher in the latex of infrequently
tapj>cd trees than in that of trees tapped more
rftten.

* Translator’s Xeste. By the cold extraction
with ether of the serum remaining after co-
ag^ttlation of Hevea latex with alcohol, E.

Rhodes and R. O. Bishop {Quart. J. Rubber
Research Inst. Malaya, 2, 124 (1930)] have
obtained a material which is a peculiar com-
plex of fatty acids, sugar, ether soluble phos-

phorus compounds, and nitrogen. This mate-
rial_ possesses properties abnormal to fatty

Ipdies other than the ill-defined class called

lipins. This lipin from latex has been found
by B. J. Eaton, E. Rhodes and R. O. Bishop
[Ibid., 2, 136 (1930)] to exert considerable
accelerating effect on fast-curing rubbers, such
as slab rubber, but only slight accelerating
effect on smoked sheets or pale crepe.

‘ Hillen, “Kautschuk- und Guttaperchaharze.”
Dissertation, Bern (1913). See also Gottlob,

“Technologie der Kautschukwaren,” p. 79,

View^, Braunschweig, 1925.
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per cent, while inferior grades of eastern Asiatic varieties, such as jelutong,

inav cciBtain 40 per cent or more of resins. Resins of the nature of optically

active phvtosterin are itiisaponifiable. Saponifiable resins are also present in

latex, as well as those arising from the oxidation of the rubber hydrocarbon,

ilxidized rubber contains much resinous material.

Proteinsd^ Proteins are present in latex to the extent of 1.5 to 2 per cent,

and form part of the insoluble residue when rubber is dissolved. Little is

known c'*!:cerr.:’no' their chemical constitution.^®

Brim: and Levi obtained a//>/za-aminovaleric and aZ/>/m-aminocaproic

acids ill 10 per cent yields from the acetone extract of vulcanized slabs.

Or^janic acids that have been identified are as follo^vs: hydrocyanic/^

nialonic, palmitic, stearic/® and small quantities of levulinic acid, the last

being a well-known oxidation product of rubber.

Latex as it flows from the Hez^ea tree, usually reacts slightly acid (pH 6.0)

or, very seldom, neutral.* With the addition of acid, coagulation begins at

|>n 4.8 and is complete at pH 4.5. If acid is added rapidly to pH 3, coagula-

tion is avoided. Further addition of acid causes coagulation.-® Molisch

tested with litmus the milky saps of forty-two difiPerent varieties of plants,

among whicin however, there was none distinctly of the rubber type. He
foiinci an acid reaction in most cases, neutral reaction rarely, and never an

alkaline one. IMotilay*® reports an acid reaction for Manihot Glaaioz’ii, as

does also Adriani®^ and Burgess-^ for Ficus elasfica, Lock®® for Casfilloa

ilasiica, and Spence for Kickxia clasfica.

The literature records widely deviating results for the measurement of the

acid reaction of Hevea latex. This is probably due to the fact that different

authors used different indicators. According to O. de Vries, fresh Hevea
latex always reacts acid t:' pher.olphthalein, is usually alkaline toward litmus,

tlioiigh at times very near :::e change, and is always alkaline to methyl

red or methyl orange. 7’'cu:'.'k:c:: and Hauser®® state that the pH value of

freshi latex averages 6.0 and gradually rises to 6.25 as carbon dioxide is

evolved. Bobilioff®® has found that the cells surrounding the latex vessels

always show a strongly add reaction. The acidity in these cells increases

with frequent tapping as it does in latex.

Other organic foreign substances which have been observed include

acetaldehyde and niethylamine. The former can be detected by its odor,

and is especially deserving of mention, since it has been suggested that isoprene

may be formed from acetaldehvde and acetone.

Beaiile ar.d Ste’-'ens, KoUoid-Z., 11, 61
(1912 0 Schr-itr. 0: 27, 10S5,
1131 -1'.'

; 2S, 174? ’'1914'j; Spence,
India Rurter I., 54, 7C:. ,1917;: 35, 23
( 1507 ).

** If nitroj^en content is nr.'.ltiplied hy the
**prote:n factor” (6.25 > the arp-oxirnate pro-
tein ^content is obtained. There are also
protein itlizcchides present. See Spence and
Kratz, KoIIoid-Z., IS, 217 (1914).

ZentK, 98. II, 513 (1927); Giorn,
ckim. ind. 9, 161 (1927).

^®Arrordir.r Arch. Rtibherctdfuv.r,
II, 177 'l.'dr’, chiefly in the iaticiferens eie-
ments of younsr plants.
A. J. ITItec, J. Sac. Chem. Ind., 41, 948A
'’

1522 ';'.

* Trir.yator's Note. Accordiegf to recent work
by Hanscr and Scholz, the pH of freshly
tapped latex lies between 7.2 to 7.0. This
Bgnrc remains constant over a period of sev-
eral hours and then suddenly drops to pH 6.9
to 6.7 and the latex coagulates. See

by E. A. Hauser, translated by W. J. Kelly,

p. 88, Chemical Catalog Co., Inc., New York,
1930 .

^ O. de Vries and N. Beumee-Nieuwland,
Arch. Rubbcrcultunr, 10, 548 (1926).

^ Molisch, H., “Studien fiber den Milchsaft und
Schleimsaft der Pflanzen,” p. 43, G- Fischer,
Jena, 1901 .

-Uagric. prat., 5, 369 (1905).
^ Jahresber. Forfschr. Chem., 520 (1851).
^ Agr. Bull. Sir. Federated Malay States, 18

(1905).
^ “Rubber and Rubber Planting,” p. 28, Cam-

bridge, 1913.
^Chem. Zentr., 79, I, 742 (1908).
Arch. Rubbercultuur, 7 , 173 (1923).
Kolloid-Z., supplementary volume, 36, 18

(1925).
^ Arch. RubbercuUuur, 9, 474 (li925).
M. Kerbosch, Rec. trav. chim., 34, 235

(1915); Rubber Recueil, p. 361, 1914; see

also de Vries, “Estate Rubber,” p. 25.
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Coloring Matter. Most latices are white as they flow from the plant.

It was early noticed that certain Hevea trees produce latex with a more or

less intense yellow color which, according to de Vries, disappears after con-

tinuous tapping. By riieans of fractional coagulation the coloring matter,

which is as yet unidentified, can be concentrated in one fraction, leaving the

remainder pure white. Smoking produces a reddish-brown color (as in

smoked sheets), which is possessed by all fractions, and which therefore has

110 connection with the above-mentioned yellow color. On extracting the

smoked sheets with acetone* or ether, the color is quickly removed, with the

formation of an orange-yellow extract.^^

Enzymes. Peroxydases as well as oxydases which are especially ac-

tive in slightly acid solutions have been found in latices. Spence reported

a peroxydase in Hevea latex which became inactive on warming to 100° C.

The darkening that occurs in cut Para rubber when exposed to the air

could not be prevented, however, by heating for one hour at 100° C.

Whitby®^ could find no oxydase, but was able to demonstrate the presence

of a peroxydase which withstood temperatures of 70° C., but not 90° C.

Furthermore, he assumes the presence in latex of a protein-splitting ferment
(protease) which may perhaps play a role in coagulation when it occurs

spontaneously and is not brought about by means of acetic acid or formic

acid.

Inorganic Constituents. Potassium, magnesium, calcium, phosphoric
acid,^^ and sulfuric acid were determined in latex by Beadle and Stevens.

These authors give in Table 1 the analytical results for the latex constituents

of three samples.

Table 1.—Composition of Latex.
Per cent by weight of the latex

Total solid constituents in original latex
A

...30.0

B
22.0

C
25.S

Total solid constituents in the dialyzed portion . ... 2.61 1.65 1.52

Sugar after inversion ... 0.24 0.19 0.15

Nitrogen (diffusible) .. 0.048 0.054 0.043

Nitrogen, as protein .. 0.30 0.34 0.27

In the
Sulfuric acid (SOa)

in the dialysate
phosphoric acid (P'205 )

.. 0.008 0.009 0.008

.. 0.13 0.09 0.06

Lime.(CaO) .. 0.013 0.014 0.004

Magnesia (MgO) : .. 0.02 0.019 0.008

1.
Potash (K.O) .. 0.19 0.17 0.14

Total ash .. 0.41 0.29 0.24

Substances not determined (methyl-inositol) .. 1.6G 0.83 0.S6

Solubility of Rubber and So-Called “Modifications’"

Rubber dissolved in organic solvents is a lyophilic colloid. As dispersing

media, chloroform, carbon tetrachloride, and carbon bisulfide are especially

suitable. But many aromatic, hydro-aromatic, and aliphatic hydrocarbons
may be used. If rubber is suspended in these solvents, it swells more or

Parkin, Roy. Bot. Card. Ceylon, Circ., 1, 144
(1899).

^:Arch. Rubbercultuur, 7, 399 (1923).
*®W. Gundel, Sitsber. physik.-Med. Sosietat,
Erlangen, 60, 248 (1928).

^Biochem. J., 3, 165 (1908).
^KoUoid-Z., 12, 147 (1913).
®*F. Kaye, India Rubber J., 45, 1297 (1913);
48,165(1914).

13, 220 (1913) J Analyst, 36, 6

* H. F. Bondy IBer., 66, 1611 (1933)] has
shown that the basic fraction of the acetone
extract of rubber contains a naturally occur-

ring colored substance which functions as an
antioxidant in the latex.^ This colored sub-

stance presumably functions as a protective

agent for the rubber, by absorbing the light

of specific wave length, effective in promoting
the auto-oxidation of rubber.

E. Posnjak, Kolloidchem. Beihefte, 3, 417

(1912); Spence and Kratz, Kolloid-Z., IS,

217 (1914).
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am! gives with the aid of agitation the tiirbid-appearmg dispersion gen-

erally known as ruhher solution. In practice, very concentrated solutions

aip tei 1 :4j for brushing purposes are prepared by stirring the rubber with

solvents in the Werner- Pfleiderer machine. IMany solvents, such as ether

or petroleum ether, dissolve only a part of the rubber (see Fractional Solu-

tion of Riibberi. The spontankms solubility of non-milled Para rubber is

very slight. Harries states that about 1.2 to 1.4 grams of unmasticated

riilliCT dissolve in a liter of benzene at room temperature. Exact figures in

this coiiiiectioii are lacking. The solubility of a rubber sample depends en-

tirely on its source and history. For example, mechanical treatment of rub-

ber on the mill greatly influences its solubility. Rubber which has been

freshly precipitated by adding alcohol to a rubber solution is readily soluble

in ether. After standing for a short period, however, its solubility is de-

creased. Rubber is insoluble in alcohol, acetone, and acetic acid.

A strong Tyndall effect is exhibited by all rubber solutions in the rays

of an arc lamp. Small oval light cones which show Brownian movement

may be observed under the ultramicroscope.^® Since the refractive indices

of the dispersing and dispersed phases are almost identical, the investigation

of highly dispersed rubber with an ultramicroscope is often very difficult.

Staudinger has expressed the opinion that all particles observed in rubber

solutions with the ultraniicroscope are due to impurities, and has been able

to show that the colloidal particles of the purest synthetic isoprene rubber re-

mained invisible with dark-field illumination.

Harries has attempted to explain the varying solubilities of different

samples of crude rubber by postulating so-called “modifications.” He dis-

tinguishes between an ordinary, an insoluble, and an oily modification. The

latter is formed when rubber solutions are kept at elevated temperatures for

long periods. If the rubber in such a solution is precipitated with alcohol,

there is no longer produced a semi-solid mass, but an After some time

the oil again reverts to the normal form. The insoluble “modification” is

pr« educed on longer standing of precipitated rubber, and is especially predomi-

nant in Brazilian rubber that has been stored for a number of years. Milling,

ur heating with acetic acid, again converts it to the normal form.

Harries reported as a fourth “modification,” the product obtained when
he treated rubber with sulfuric acid. He believed this crumbly, insoluble

mass to be a high-molecular weight polymer of rubber. Later Kirchhof

and also Staudinger studied the action of sulfuric acid on rubber,* and

they too found that the rubber was completely altered in physical and chemi-

cal properties by this treatment. They also showed that the new product

had fewer double bonds than the original rubber. Kirchhof presumes that

tetiaiiiethylene rings are formed at the expense of the double bonds.

Staudinger calls the product cyclo-rubber, and thinks it is related to the

substance that is produced when rubber is strongly heated (to about 300° C).
I See cyclizatioii, p. 189). To what extent polymerization and depolymeriza-

3261
^

position product. We have observed that this

’“Harris, Lecture
__

ay ^Vienna; Wo. Ostwald, occasionally occurring “liquid rubber” always
KoUmi’Z., 40, 5S contains some oxygen.
Address at Ber., 3036 (1926). ^ KoUoid-Z., 30, 183 (1922),

^Harries, V:-!”r^.;.hur:^en p. 5. ^ Z. angew. Chem., ZS, 226 (1924).
* PuiBinerer and Earkard could not confirm this: * Translator’s Note. Attention is called to the

Ber.^ SSt 3464 (1922), The “liquid rubber” work of Fisher in this same field. H. L.

dealt with by Harries was prokibly a decom- Fisher, Ind, Eng. Chem., 19, 1328 (1927).
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tiontake place along with cyclization is not known. Tin tetrachloride seems

to cause chiefly cyclization and polymerization.^®

According to Harries, a fifth ‘‘stable modification” is present in vulcanized

rubber 293).

The term “modification” for the various forms of rubber has been super-

seded, for today we know that we are dealing with various chemical and

colloidal states of the same parent hydrocarbon or mixture of parent hydro-

carbons. Harries proposed the term “aggregation” for the reversible as-

sociation of true rubber molecules to form larger aggreptes. Until a more
complete knowledge of the mechanism of the reaction is obtained, aggrega-

tion, implying the reversible association of unsaturated molecules to par-

ticles of colloidal dimensions, must be considered quite distinct from
polymerization, which refers to the process whereby the isoprene molecules

wmbine through primary valences to form rubber molecules. The reverse

of aggregation may, without causing confusion, be called “disaggregation.”

The term “disaggregation” is preferable to the looser name “dissociation.”

Harries postulated for the fundamental rubber molecule a cyclic structure

containing two isoprene groups (dimethylcyclo-octadiene) . As late as 1915,

he held to the idea that large rings containing 4 to 6 isoprene groups were
the probable fundamental units. Harries' views have by no means been

isproved. On the contrary, they now seem even more plausible, as will

be seen later on. The open-chain formula for rubber has received much
discussion, however, and the number of isoprene groups per unit molecule

is now thought to be greater than Harries believed. Staudinger has quite a

different concept. He postulates that the polymerization of isoprene pro-

duces directly so-called “macro-molecules.” These are of colloidal size,

have a molecular weight of about 100,000, and contain more than 1,000 iso-

prene groups. Staudinger believes that these enormously long chains also

exist in gutta-percha, polyformaldehyde, and polystyrene. This last named
substance is the outstanding synthetic analog through which the structure

of rubber may be investigated, just as polyformaldehyde is a synthetic sub-

stance having a structural pattern comparable to that of the thread-like

cellulose molecule.^®

Purification of the Rubber Hydrocarbon—The Problem

OF Crystallizing Rubber

Since the purity of the starting material is absolutely essential in exact

chemical work, efforts have been made to prepare, by various means, the

rubber hydrocarbon in pure form. Proteins, resins, and other organic sub-
stances associated with rubber are partly adsorbed and in the purification

are retained with great tenacity by the rubber. Furthermore, rubber pos-

sesses the undesirable property of becoming more susceptible to oxidation

as the purification and bleaching proceeds.^^ It is, therefore, not an easy
matter to obtain the pure hydrocarbon, free from ash, oxygen and nitrogen.

There are four distinctly different methods by which the rubber hydrocarbon
may be purified.

**H. .a. Bruson, L. B. Sebrell and W, C. Cal- H. A. Bruson, L. B. Sebrell and W. W.
vert, Eng. Chem., 19 , 1033 (1927). Vogt, Ind. Eng. Chem., 19, 1187 (1927).
Ber., 62, 241 (1929); Z. angew. Chem., 42 , These investigators have isolated from the
|7, 67 U929). acetone exti-act, substances, of the nature of
Z. physik, Chem., 126 , 425 (1927). sterols, which inhibit the oxidation of rubber.
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Acetone Extraction

The fust scientific method of purification—only such methods will be

f]isciissed-~-~originated with Harries.^® The procedure is as follows

:

Criiflc riiliber is suspended in benzene and allowed to stand for some time.

Fart of the rubber is thus dissolved. The solution is siphoned from the

settlings and is then |)OLired with stirring into an equal volume of alcohol.

The alcohol precipitates the rubber, which is then extracted in a Soxhlet

apparatus with acetone for 12 hours to remove the resins. The purpose of

tlie precipitation from Ijeiizene solution, is to remove more of the soluble

oxidation prt^ducts, and to expose a fresh surface of rubber for the subse-

quent extraction. The operations of precipitation and acetone extraction

are repeated as many times as desired (at least twice). An elementary

analysis after the first extraction showed 86.30 per cent carbon and, accord-

ing to Harries, this value rose after three reprecipitations to

:

C = 87.85Tr H = 12.289^

Cakd. for (G.HO. C == 87.15Tc H = 11.85%

Tlie product that Harries obtained in this manner was more or less colored,

and had partially lost the characteristic elasticity of the crude rubber.

A similar method for preparing purified rubber was employed by

Staiidiiiger in his early work. He made use of a procedure which was

described by H. Wildermann.^- To effect purification, the crude rubber is

extracted with a solvent mixture, one ingredient of which is a solvent for

the resins but not for the rubber, while the other is a solvent for both resins

and rubber. With the use of such a mixture the rubber swells somewhat
dnjring the extraction and no longer holds the resins so tenaciously. The
solvent mixtures utilized by Staudinger consisted of 80 to 40 per cent acetone

and 20 to 60 per cent chloroform. This process is no longer used.

Fractional Precipitation

All essentially different method of purification was employed by Pummerer
and These investigators hoped to isolate a more soluble component
of rubber b\* means of fractional precipitation. Thoroughly masticated rub-

ber was extracted with acetone and then dissolved in benzene by allowing a

mixture of rubber and benzene to stand for several weeks. To the solution

which was decanted from the insoluble sediment, alcohol or acetone was
added slowly, to precipitate the rubber fractionally. The first fraction in-

cluded the oxidation products of the rubber, the inorganic constituents, and
30 to 40 per cent of the rubber. When further amounts of precipitant were
added to the remaining “principal” solution a high grade product (Fraction
2 ) was obtained, the analysis of which checked very closely the calculated

values for (CsHs)!-

Cakd. for I'CtHd*: C = 88.15% H = 11,85%
Found: C = SS.l; 87.91; 88.2% H = 11.75; 11.77; 11.92%

Though the original material was more or less colored, depending on its

source, the final product was colorless. Inorganic substances could no
^ Harriet?, “Unterstscliiiiigeii . . . .

Hek'. Chim. Acta, 5, 795 ( 1922).

p. 7. ^^Chem. Zentr., 82 , I, 186 (1911); Ger. Pat,
229,386, Class 39b, December 13, 1910.

^Ann., 438, 294 (1924).
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longer be detected, and the nitrogen content was very small The fractional

precipitation was carried out not only to purify the rubber but also to obtain

fractions of the pure hydrocarbon of different solubility. It is very doubtful

that the purified rubber is homogeneous in character. It is probable that

we are dealing with a mixture of homologous hydrocarbons differing from

each other in the size of the subscript ^ in their empirical formula (CsHg)^,

and also differing in their states of aggregation.

Pumnierer and Miedel directed further work on the purification of rub-

ber toward perfecting the method of fractional precipitation. Complete ab-

sence of nitrogen must be obtained in order to prepare crystalline rubber,

and also to hydrogenate rubber. Solutions similar to the “principal” solu-

tion mentioned above were further fractionated with various solvents. The
scheme according to which these solutions were treated is as follows

:

1. The solution is treated with the precipitant until it becomes turbid. In the course

of several hours the mixture separates into two layers—a lower, concentrated solution and

an upper dilute solution.

2. The separate solutions are then treated with an excess of the precipitant. A precipi-

tate and mother liquor are obtained from each solution.

The precipitates are once more treated according to this scheme. Two
things are accomplished by this procedure : In the first operation, the in-

soluble impurities are concentrated in the lower layer
;
while in the precipita-

tion the oxygen-containing substances are left in the mother liquor.

The solvents, precipitating agents, concentrations, and temperature were
varied in a series of fractionations carried out according to this procedure.

Benzene, hexahydrotoluene, petroleum ether, and ether were used as solvents,

and alcohol and acetone as precipitants. To modify the action of the alcohol,

it was usually diluted with the solvent that was being used. The fractional

precipitation, especially when benzene is employed, is usually accompanied

by supersatiiration phenomena. With only a slight variation in the amount
of precipitant employed, the entire rubber content sometimes separates as a

liqiiid phase of rubber and benzene. The quantity of precipitate is most easily

regulated when petroleum ether is the solvent and acetone the precipitant.

Even so, this method did not produce the desired result. Products of a

high degree of purity were obtained (they were soluble in hexahydrotoluene
and partially in ether to form clear solutions) but the complete removal of

nitrogenous compounds, essential for the preparation of derivatives, was
not attained.

Midgely, Henne and Renoll* [/. Am. Chem. Soc., 53, 2733 (1931)], have succeeded in

obtaining the rubber hydrocarbon, free from nitrogen, by a method of fractional precipi-

tation with a mixture of benzene and absolute alcohol. This fractionation method was
further applied to the rubber hydrocarbon itself [A Am. Chem. Soc., 54, 3343 (1932)],
in an attempt to separate the various components of the hydrocarbon. The progress of
the fractionation was followed by measuring a '‘standard precipitation point” of the rub-
ber solution. The standard precipitation point of a sample of rubber is defined as the
temperature at which a sudden increase of turbidity occurs in a slowly cooled solution of
0.85 per cent rubber, 28.55 per cent absolute alcohol and 70.60 per cent benzene. The
authors demonstrated that there is present in the rubber hydrocarbon a single component,
amounting to more than 50 per cent and characterized by a standard precipitation point
of 35“ C.. The same method has shown that milled rubber is made of a continuous series
of undefined components, without a single predominating individual [A Am. Chem. Soc.,
54, 3381 (1931) ; A Phys. Chem., 36, 2880 (1932) ; Rubber Chem. Tech., 6, 367 (1933)],

60
, 2149 ( 1927 ). * Translator’s Note.
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1 iiietlnul f^-r the jmrillcation of rubber was recently reported by A. T. McPher-
[Bur ShmdarCs J. Research, 8, 751 (1932)]. The purified rubber is prepared bv

digchiiun of crude ri:hl.*er or latex at 190' C., followed by extraction with water and with
alojho!, and drying in an r:t:r.''-nhvre of inert gas. Rubber purified by this method con-
tains abtJUl 99.5 per cent : ! rr i.ydrucarbon.

Crystalline Rubber

In 1924, Piiminerer and Kochp^ succeeded in isolating a crystalline frac-
tiun ut riiiilitr frijiii the final mother liquor obtained in the fractional precipita-
tion of rubber. White, tough, non-pulverizable spherulites formed in an
oily precipitate tliat had stood for several weeks. In a melting-point tube
the crystals became transparent and isotropic at 60*^ to 62° C., and melted at
yO' iC. They cuiiid be recrystallized from ether, in which they were difficultly

suliible in the cold and only slightly more soluble when warm.
Cin analysis, the following results were olitained

:

Found : C = 87.679h H = 12.07%
Calcd. fur i GH C = 88.15% H = 11.85%

The product was extremely auto-oxidizable. On evaporation of its benzene
solution, there remained on the watch glass a solid deposit composed of small
spherulites which, when microscopically examined in polarized light, plainly
showed double refraction. W’hen the solid was fractured, its optical 'proper-
ties were retained, ihis observation was evidence for the fact that crystal

were present. At present, little can be said concerning the crystal-
i dra:.h:: system to which the crystals belonged.^® It would be a distinct ad-
vance for rubber research if it were possible to obtain in crystallized form
the principal constituent of the natural rubber hydrocarbon in such quantity
that it could be analyzed and its chemical constitution established. We are
ill nu such fortunate position at present. Further experiments are bein<^
pur>ued with a view toward making possible the ready preparation of
crystalline rubber by the cooling of rubber solutions as well as by the frac-
t'jjnai of frozen rubber.

^

The ui tlie rubbey h.ycirucarbnn in crystalline form has been accomplished atme Bureau Mandaras, Washington, D. C. The crystals were obtained from a 00^
per Cent s^yutmn ui punned rubber hydrocarbon in pure dry ether at —65° C The
me.tnyg j: m.t oi the cr>ytals lies between -f9.5" and 11° C. The melted crystals are
ri,. .L-r- nature, and analysis indicates a hydrogen-carbon ratio of 8:5. The crystals

r t crayneu m C [Rubber Age (X. V,), 28 , 79 (1930); /. Frhklin

! K
Revieze, 38

, 1790 (1931) ; Rubber Chem, Tech,, 5 , 119

y- J

^tmaants J Research Id, 479 (1933); Rubber Chem. Tech./ 6 351
lOuujj. Pumnierer and Andriesseii [Kaufschuk, 5, 133 (1929)] also observed that a

I per cent solutiuiyoi sol-rubber m ether solidifies at —70° C., but they failed to obtain
the characteristic iiitenerences ot crystals, with the solid sol-rubber, Pummerer and
\. ..u:5ich express the ^Pniiry. that the solid phase is not crystalline rubber but rubber-
ether gCi [Kautschuk, 7 , 11/ (1931) ; Rubber Cheuu Tech,, 5 . 245 (1932)].

_S-.;.rt.y alter the announcement of the investigation by Pummerer and
xr 'c;: :.-.e important observation was made by J. R. Katz and K. Bing ” that
all rubber elongated to 80 or 100 per cent or more gave an x-ray diffraction
^ttem typical of a fibrous structure. This behavior was predicted b\’ L.
Hock. From the intensity of the interference spots in the x-ray pattern, it

IS to be concluded that a considerable portion of the rubber hydrocarbon in
elongated ( by aljout 80 per cent

) crude rubber is present in a crystalline form.
® Jk»., 43S, 3m 0 *^24 ).

“Gross, R. Ann., 43S, 311 {1924).
Z. angew. Chem., 38, 439 (1925).

* Translator’s Note.
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Racked rubber, discovered by Feuchter,’'^® is especially suitable in this method

of investigation. The qualitative observations of Katz have been supple-

mented and quantitatively applied by Hauser and Mark,^® and more recently

byK. H. Meyer and Mark.®^^ The presence of a considerable proportion of

crystalline rubber hydrocarbon in crude rubber is not doubted by these

authors. They explain the absence of interference spots in the case of un-

stretched rubber by assuming that the crystalline portion is swelled in the

remainder. This fact could also be explained by assuming that rubber exists

in a state similar to that of salt when the latter is just below its fusion tem-

perature.®^ According to the measurements of Hauser and Mark, the

simplest structural unit of crystallized ru])ber is relatively small. They as-

sume that it contains eight isoprene groups. A relationship does not neces-

sarily exist between the size of the unit structure and the size of the molecule.

From the length of the rubber crystallite (not the structural unit), Meyer
and Mark have estimated the length of the isoprene chains as 75 to 150 iso-

prene groups; i. e., the number of groups connected by primary valences.

Pummerer and Koch are of the opinion that primary valence chains of vary-

ing length, and containing less than 75 to 150 isoprene groups could not be

detected by x-ray methods. Incidentally they point out that the residual

valence forces at the end of a chain are not of sufficient strength to hold to-

gether long molecules in the form of greater principal valence chains. It is

to be noted that a third molecule acting as a link could fulfill this condition.

With the isoprene chains in such a parallel arrangement, the double bonds
would have an orienting effect, and 1 and 2 would be held together by the

valence forces of many pairs of adjacent doulile bonds in 1 and 3, and in

2 and 3.

A conclusion growing out of the theory of primary valence chains is that

in stretched rubber, as well as in cellulose, topochemical reactions are possible,

in which the fibre structure and its x-ray pattern remain almost unchanged.
Neither Mark and v. Susich (loc. cit.) nor F. Kirchhof could detect the

topochemical reactions in studying I'acked rubber.®^ The bromi nation of

rubber produces a pseudomorph of the original bundle of fibres, which to

outer appearances has remained intact, but no longer possesses a crystalline

structure. The action of sulfuric acid on rubber (in the formation of cyclo7

rubber) gives results which are more indefinite. The absence of topochemical

reactions may also be due to the fact that the saturation of the double bonds
results in very pronounced changes in the structure of the primary valence

chains.

The thorough physical investigations of frozen raw rubber by A. van
Rossem and J. Lotichius are of great interest for the question of crystalline

^Kaufsckuk, 2, 171, 197 (1926).
Hauser and Mark, Kolloidchem. Beihefte, 22,
63 (1926); 23 , 64 (1926) (Ambronn-Fest-
scbnft). Stretched rubber has a number of
mtmerences in common with crystallized
rubber. The patterns are not identical, how-
ever.

***-®^*' 1939 (1928), more especially Mark
attd G. V. Susich, Kolloid-Z., 46, 11 (1928).

Another very simple explanation, to which
the authors take exception, was proposed by
Wo. Ostwald. Cf. Wo. Ostwald, Kolloid-Z,,

40, 58 (1926).
•2 In this connection compare a cellulose struc-

ture proposed by Staudinger. Z. angew.
Chem., 42 , 71 (1929).

^^Kautschuk, 5, 11 (1929).
Kautsckuk, 5, 2 (1929).
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rublier. The term “freezing’' is applied to the phenomenon (long ago ob-

served in commerce), which results in the rubber becoming hard and opaque

fill standing in a cold place for some time. On warming, the rubber “thaws”

and becomes soft and elastic again. The authors referred^to above compared

the dianges in specific gra\dty, hardness, and light absorption of a number of

frozen riib])ers at the temperature of thawing and demonstrated that in all

ca^e^ the rtibber sutlers disruptive changes. The latent heat of fusion was

a1>«i nieasiired. All of the observed phenomena can be satisfactorily explained

Mil the assumption that frozen rubber contains crystalline portions of rubber.

The temperature at which the rubber thaws is referred to as the melting

prmit. For rubber which had been kept frozen for about 10 years, the melt-

ing point lay between 35° and 37^ C., and for rubber samples kept frozen for

-everal years the melting point was between 31° and 33° C. This recalls to

mind the rather sharp melting point ( 60° to 62° C.) of the crystalline rubber

prcfiared by Piimmerer and Koch. Rubber which has been thawed by warm-
ing and then rapidly cooled again, becomes turbid. The melting point of a

sanif>le thus treated is lower and less definite than that of a sample frozen for

a long time. Several years before van Rossem’s work, J. R, Katz estab-

lished proof that frozen rubber in the stretched condition exhibits the Debye-

Scherrer x-ray pattern which disappears on thawing the rubber. Recent work
hy the same author confirms and elaborates his earlier conclusions, which

furnished the impulse for the work which was done in collaboration with van

Rossem. Complete crystalline rubber was never obtained, since the charac-

teristic ring of amorphous substances could always be recognized in the x-ray

patterns of all samples.

In this omnection, it is of interest to call attention to recent work of Katz
u!i the diameter of the amorphous rings which appear in the x-ray patterns

oiF and stretched rubber. By means of the x-ray diffraction patterns, it

i> pus>i!»le to distinguish between synthetic rubbers prepared from isoprene,

methyl-:-nprenc. and butadiene.

Alkali Purification

Puniiiierer and Koch, for the purpose of obtaining pure rubber, combined
another method with fractional precipitation. A solution of the purified

“principal” fraction of rubber in petroleum ether was gently heated for sev-

eral days on the water bath with a solution of potassium hydroxide in methyl

alcohol.®^ In this process, as in the cold agitation of a rubber solution with

a solution of potassium hydroxide in methyd alcohol (the cold treatment was
an endeavor to protect the rubber as much as possible from decomposition)
the last traces of protein and acidic substances can be removed. However,
the siiliseqiient complete removal of the alkali from the petroleum ether solu-

tion or enitilsioii, as well as the loss of rubber resulting from this treatment,

makes tliis method seem practicable only when relatively small quantities of

purified rubber are required. '

Another method, related in principle to the above method, was therefore

devised by Piimmerer and PaliL The order of operations, however, is re-

versed. They first treat preserved raw latex with an aqueous solution of

alkali to remove the proteins. The purified rubber thus obtained is then

fractionated. It should be possible in this way to decompose the protein which

V7. mtfww. Chem., 3S, 439 (1925).
^ Kautst‘kkk, S, 6 C1929).

^ Z. angew. Chem., 40 , 759 (1927).
^Ann., 438 , 296 (1924).
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is
presumably adsorbed on the outer shell of the rubber globules in the latex

suspension, even if this process is not practicable for commercial raw rubber.

Furthermore, the resins which are not dissolved by the alkali can subsequently

be removed with acetone. By using latex as the starting material, instead

of commercial crude rubber with its widely varying and difficultly control-

lable properties, it was hoped to obtain quite uniform and definitely purified

rubber. The latex used was from one to two years old and came from the

Hovca hrasiliensis plantations of Sumatra.

The protein of ammonia-preserved latex is only slowly attacked by cold

alkali. The enzymatic removal of protein with trypsin had been tried by
Freimdlich and Hauser,®^ but had not been carried out quantitatively. They
found a temperature of 37^ C. suitable for the process.* Pummerer and Pahl

were not successful in accomplishing the alkali degradation of the protein,

either at this temperature or at the higher temperature of 45"^ C. ;
but at

50° C., the disappearance of the protein reaction in the presence of alkali

could be followed over a period of several days. The purification with alkali

is possible only because of the tendency of latex to cream when treated with

alkali at 50° C. A hydrocarbon layer rises to the top while the brown alka-

line water solution, which becomes yellow when the process is repeated, sinks

to the bottom with the impurities. The water layer is drawn off, and the

hydrocarbon layer is repurified several times with sodium hydroxide until

the biuret and ninhydrin reactions disappear almost simultaneously. Most
of the alkali which remains in the cream is removed by washing, and the last

traces are removed by dialysis. The rubber is then coagulated and freed from
water and traces of resins by warm extraction with acetone in a Soxhlet

apparatus. This crude product is the alkali-purified latex which serves as a

starting material for further experiments.

Since it was of special interest to know whether the difficultly soluble por-

tions of the rubber were actually pure rubber or whether they contained

oxygen, the whole purification process was repeated in a large round-
bottomed flask in the presence of nitrogen. The product thus obtained was
quite pure, but contained all of the difficultly soluble portions of the rubber
exclusive of the proteins. It is debatable whether these difficultly soluble

portions are actually rubber. In contrast to the individual components of

the rubber, this purified product will hereafter be called total rubber. O. de
Vries and N. Beumee-Nieuwland,'^^ working with fresh latex, conducted
similar experiments simultaneously with those of Pummerer and Pahl. Ac-
cording to them, fresh latex creams even when treated with cold alkali.

Pummerer and Pahl could obtain no creaming with alkali in the cold when
working with preserved latex. Even a lowering of the temperature of the

experiment from 50° to 45° C. retarded the degradation of the protein. An
exact comparison of the results obtained by Pummerer on preserved latex

with those obtained by O.' de Vries and Beumee-Nieuwland on fresh latex,

has been reported. The Dutch authors studied the behavior of rubber toward

^ KoUoid-Z,, 36, Zsigmondy-Festschrift, 21

^
(1925).

* Translator’s Note. In the recent work of
Smith, Saylor and Wing [Bur. Standards J.
Research, 10, 479 (1933); Rubber Chem.
Tech., 6, 351, (1933)] on the crystallization
of pure ether-soluble rubber hydrocarbon,
these

_
inyesti|rators utilized trypsin for the

quantitative removal of protein from the rub-
ber. Ammonia-preserved latex was dialyzed
to remove ammonia. The protein was removed

with trypsin in a 3 per cent solution of sodium
bicarbonate at 38° C. Addition of sodium
hydroxide to produce a 2 per cent solution
caused creaming to take place at room tem-
perature. Repeated crearning, followed by
dialysis to remove alkali, yielded total rubber
with a nitrogen content less than 0.02 per
cent.
Arch. Rubbercultuur, 9, 714 (1925); Chem.
Abstracts, 19 , 3615 (1925).
R. Bnmmtvex, ' Kautschuk, 2, 86 (1926).
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sMdiiiiii hyiinixidc with the idea of preserving the rubber, and did not en-

di'avMf ^4jtain analytically pure samples. The very tacky or pitch-like

ccaisistency of the rubfier obtained by them has no detrimental effect on the

properties’ of the rubber if the alkali is thoroughly removed by dialysis, at

least when tlie rubber is preserved in an atmosphere of carbon dioxide. In

an experiiiieiit using crude methods of dialysis, the Dutch investigators ob-

a stable and liractically nitrogen-free product (0.02 per cent nitrogen j.

\'acuuiri-dried ti>tal rubber obtained from preserved latex or Revertex,

according to the directions of Pummerer and Pahl,"- is transparent even in

thick layers, somewhat yellow in color, and not tacky. The ash content of

good sainples is about 6.077 per cent, and the behavior of the total rubber

toward vulcanizatiun is nornial.'^ The hard rubber prepared from it shows

especially good insulating properties. There are no good reasons for believ-

ing tliat the 2 per cent sodium hydroxide solution has an effect on the rubber

liydrocarbici at 50" C. Even the x-ray interferences characteristic for rub-

ber were obtained by Plauser and Rosbaud with total rubber. On the other

hand, the ditference in behavior between fresh and ammonia-preserved latex

when treated with alkali seems to indicate that the ammonia preservation of

latex brings about some change. The time and manner of preservation are

the most important factors in the latter case.

Procedure : A quantity of latex (e.g. 750 grams) preserved with ammonia and con-

taining about 40 per cent’by weight of rubber hydrocarbon, is agitated in the presence of

nitrogen with an equal weight of 8 per cent sodium hydroxide solution, and is then diluted

with distilled water (1250 cc.) until the alkali content of the suspension amounts to 2

per cent. The mixture is then stirred at 50“ C. for two working days of from 8 to 10

hours, and at night is allowed to stand without stirring, at room temperature. The
creaming takes place during the second night. The lower caustic layer is siphoned off,

and the cream is subjected to the same treatment with alkali for another day. The cream-
ir.g again takes place at night. The caustic layer is again separated, and the entire process

is reis*"ated tliree more times, although in the meantime the reactions for proteins and
an::", -.ij; .• have u>ually disappeared. The permanganate reaction of the lower caustic

layer must finally be negligible, so that the green manganate stage persists for several

minutes in a very dilute solution. To obtain this test, as well as for the sake of the

yield, it is essential to separate the suspended hydrocarbon from the lower caustic layer

very tiioroughly. Sliurtenmg uf the process is possible, especially if the details of the

procedure are very carefully observed. In order to protect the somewhat unstable hydro-
carbon, it is desirable not to use higher temperatures or stronger alkali. When the above
procedure is followed, the rubber of the preserved latex remains entirely unchanged.
The removal of the alkali by washing folIow^s the major purification. The cream ob-

tained according tu the above directions is diluted with 2300 cc. of distilled w^ater, and
stirred at 50“ C. fur 8 Ikmrs. The cream is allowed to form and is then separated from
the sointiun, Upjn repeating the procedure, creaming sometimes fails to occur, and the

cream fium the first washing is therefore put into a dialyzer, e. g., Gutbier’s dialyzer,

[Minerakhemie A.-G., Oslau (Coburg)] of l-liter capacity provided with a parch-
ment membrane. In order to avoid coagulation, the cream is not stirred, but the parch-
ment sack is allowed to njtate slowly. The distilled w^ater used in the dialysis is renewed
six times, at 3- to 5-hour intervals. With the use of the ordinary 20 per cent cream, the

dialysis is continued until 1 cc. of the material inside the parchment requires 0.1 cc. of

0.02 *V hydrochloric acid for neutralization. If it is desired to remove the alkali quanti-
tatively, the cream must be diluted until it contains 10 per cent of the rubber hydro-
carbon.

After dialysis, the rubber is coagulated by the addition of acetone or acetic acid. Ace-
tone does not coagulate the rubber quantitatively, but it is suitable for preparing rubber
for certain purposes, e.g., for optical measurements, in which the presence of hydrogen
ions must be avoided. How'cver, no variations in the properties of the rubber were noted
when the coagulation was effected by acetic acid. The coagulated rubber is cut up into

small pieces for the warm acetone extraction in the Soxhlet apparatus. In this case, the

eo, 2149 (192:): Kautschuk, 2, 85
(192G}; Rubber Che'm. Tech., I, 163 (1928).

Pummerer and PaW, Ber., 60, 2162 (1927).
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tone extraction is essentially a drying process since the extract seldom contains resins.

It
appears, therefore, that the resins as well as the proteins are mainly adsorbed from

the serum upon the surface of the rubber globules.'" The resins which might be present

nn the inside of the globule could of course ditfuse toward the surface of the globule, and

could be dissolved there. It would be more difficult for the proteins to diffuse in a

similar fashion.
'

As already mentioned, the degradation of protein in ammonia-preserved latex occurs

only when the latex is treated with alkali at 50° C., while with fresh latex, the reaction

proceeds in the cold. There also exists an additional difference in that alkali-purified

rubber from ammonia-preserved latex always contains more nitrogen than the total rub-

ber, prepared by alkali purification, from fresh latex or Revertex.

Nitrogen-Containing Impurities of Rubber. The total rubber obtained as

above contains, according to the quality and the age of the latex sample, 0.1

to 0.4 per cent of nitrogen which cannot be removed by even the most
thorough washing. This nitrogen was at first overlooked because it could

not be detected in certain samples by qualitative Lassaigne tests, and because

the determination of carbon and hydrogen in samples of total rubber by com-
bustion without the use of a reduced copper spiral gave values which totaled

100 per cent. When a reduced copper spiral is used in the combustion tube,

the sum of the carbon and hydrogen values is slightly less than 100 per cent.

The direct nitrogen determinations were made according to Dumas’ method,

with samples weighing from 0.v3 to 0.4 gram, or according to the Kjeldahl

procedure, with 0.5 gram of substance. The latter method gave the lowest

values. In many cases, the results of the two methods checked exactly, even

when the nitrogen content was only 0.05 per cent. Usually the Dumas value

was about 0.05 per cent higher, and occasionally the difference was even

greater. In the Dumas method, the nitrogen is determined in a macro-
combustion tube, although the best results are obtained if a micro-azotometer

is used in the determination.

It is very noticeable that when samples containing 0.4 per cent nitrogen

were analyzed by the Dumas method with the use of a reduced copper spiral,

there was a deficit of not more than 0.4 per cent from 100 per cent in the

carbon and hydrogen determinations. A substance with a protein-nitrogen con-

tent of 0.4 per cent would, because of the oxygen contained in the proteins,

have to show a deficit of about 1 per cent in 100 per cent. These facts, to-

gether with the observation that in the alkali purification the protein reaction

very shortly disappears, lead to the conclusion that the total rubber obtained

by the alkali process is actually or almost totally free from proteins, and owes
its nitrogen content to an amine formed by the action of ammonia on the latex

during the preservation period. After continued boiling of benzene solutions

of total rubber with water or sodium hydroxide solution, no substances which
showed the biuret or the niiihydrin reaction were found in the aqueous
solutions.

The supposition that preseiwation of latex with ammonia increases the

nitrogen content of the total rubber obtained therefrom, was also substantiated
by applying the alkali purification process to concentrated latex which was
not preserved with ammonia. The usual Revertex produced by the Metal-
gesellschaft according to Hauser’s process, or better still a special Revertex S
(which after removal of the alkali by dialysis does not coagulate at the end
of the process), gives a total rubber containing only 0.036 per cent nitrogen.
It is not known whether this remaining nitrogen comes from the unattacked
protdn which is occluded in the small globules or whether it belongs to an

^Cf. H. Loewen, Kauischuk, 2, 90 (1926) for a discussion of the rubber resins.
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nmiui^ uf liigli niuleciilar weight. The resuIts^ o£ these experiments with

Revertex cvnr.4.etv!v acrree with the above-mentioned results of O. de Vries

knd X. who were able to purify fresh latex with cold

SM-diiiiii hvdnjxide solution until it contained only 0.02 per cent nitrogen.^

Fractional Solution of Raw Rubber

Xii reliable method has been found for removing the nitrogen-containing

impurities from crude rubber by fractional precipitation with organic solvents

KsYv p. If/u. However, the reverse of this process (the fractional solution

of raw riiliber ) accomplishes this objective. C. O. Weber/^ in his experi-

on the solubility of rubber, noticed that two phases were present in a

>e4utiuii of rubber in’ chloroform. Caspar! more thoroughly investigated

the behavior of rubber in various solvents, and proved that a seemingly clear

solution, as f(jr example in benzene, contains some undissolved suspended

matter. .According to Harries, it is very essential in the purification of rubber

by his method (sec p. 166) that a preliminary settling of the portion insoluble

in benzene ht allowed to take place for several weeks. Caspar! considered

the insoluble substance to be similar to rubber, and concluded that rubber is

not a iiiiiforni substance. The insoluble portion is transparent in benzene,

and can be recognized therein only with difficulty, but when petroleum ether

is added the benzene solution becomes turbid. Stevens,"'^ who disagreed with

Caspari’s view, thought that a delayed rate of solubility was involved and that

eventually all of the insoluble substances, except the protein, would go into

s« ‘liition.

Several years ago, Piimmerer and Koch pointed out the necessity of

fractionating rubber to determine whether it is partly homogeneous or whether

it is a mixture of isoprene polymers and associated polyprenes of different

.‘MTistitiitiiHi. They found that the solubility of analytically pure rubber

varies c«'oi-i<!eral»1y in diiferent solvents. For instance, rubber which forms
a dear sululiuii in benzene but gives a turbid solution in hexahydrotoliiene
andi ether can ht further purified to give a clear solution in hexahydrotoliiene.

After still further ourifieation the rubber dissolves to a clear solution in ether.

Tl:e<e diifferences ::: - lubi'ity could not be accounted for by the presence of

nxygen-CMiitaining impurities, because the results of the analyses of all samples
were always in agreement. For this reason, the term “purification” is no
lunge'r applicable to the separation of the insoluble hydrocarbons from the

main pctrtion of the rubber, when these hydrocarbons are intrinsic compo-
nents of niblier. Analytical values no longer serve to characterize a pure rub-

ber. liiit must be supplemented by consideration of the previous history, the

iiiisaturation i iodine or oxygen titer), the behavior, and the viscosity of the

rubber.

heiichtcr has recently studied the fractionation of rubber and repeated
tlie work of Caspar! . He confirmed the fact that a difficultly soluble portion
of the rubber remains after treatment with various solvents, especially ether

and petroleum ether. Feuchter isolated about 78 to 82 per cent of the prin-

Trari slater's Xr,te. Canircinjjs and Sebrell,
Und. En^. Chem., 21, 554 (1929) 3 using
30 per cent ammoaia-preserved latex, extended
the method of Piimmerer and Pahl (treat-
ment with 2 per cent sodium hydroxide solu-
tion) ‘to include «ix changes of alkali. The
purified ruhher thus obtained contained from
0.004 to 0.009 pter cent nitrogen. After fur-
ther extraction of the purified rubber with

acetone, the nitrogen content was reduced to

so low a value that it could not be accurately
determined by the colorimetric method with

Nessler’s solution.
«Ber.. 33, 779 (1900).
’*/. Soc. Chem. Ind., 32, 1041 (1913).
^7. Soc. Chem. Ind., 38, 192 T (1919).
’^^Ann., 438, 294, 297 (1924).
Kolloidchem. Beihefte, 20, 434 (1925).
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cipal soluble portion, which he called ‘'diffusion rubber,'’ and showed that it

assessed the most important properties of rubber. The insoluble portion,

Uich contained all of the impurities, the protein, the sugars, etc., he called

the
“gel-skeleton" and considered that it contributed nothing to the elastic

properties of rubber. Because of its impurity, the chemical nature of the

insoluble portion has not been determined. The types of these impurities

make it appear probable that they are the foreign substances of rubber, along

with some adsorbed rubber. This is a view similar to that expressed by

Spence and by Feuchter. The nature of the hydrocarbon contained in the

principal insoluble portion was not established by the authors just mentioned.

By observing certain definite precautions and using ether or petroleum

ether as the solvent, it is possible to obtain by Feuchter's method a “diffusion

rubber” almost free from nitrogen. The best results are obtained by the use

of coagulated raw latex or coagulated purified latex which has not been

milled. The results are less satisfactory when the method is applied to

smoked sheets. Sheet and crepe rubber receive more or less milling on the

plantation, {s&e p. 112 ff.) and thus the structure of the latex globules is

partly destroyed. More difficulty is therefore experienced in separating the

insoluble portion, which according to Freundlich and Hauser is probably

the firm “hull substance" of the globules in the latex. With smoked sheets,

the gel-skeleton has been disintegrated and is distributed in the solution in

the form of fine fibers. It is then difficult to decant from the undissolved

material, and difficulties arise similar to those encountered in the fractional

precipitation of rubber.

In order to remove water-soluble compounds, salts, carbohydrates, etc.,

from rubber, it is best to dialyze preserved raw latex or diluted Revertex S
and then to coagulate it and remove the admixed resinous impurities by an

acetone extraction of the coagulum in the Soxhlet apparatus. This rubber,

when dried and cut into small pieces, dissolves in ether to give a solution of

very pure “diffusion rubber." Very pure fractions of rubber can also be

obtained from sheet and crepe rubber by continuous extraction with ether,

according to the method described below. The entire mass cannot be puri-

fied in this manner, however. Especially the ether-insoluble portion (the

rubber-like nature of which is debatable), does not lend itself to this puri-

fication, since all of the impurities of the rubber, especially the proteins, are

concentrated in this portion. The ether-soluble portion may contain up to

one-fourth of its weight of foreign substances. By fractional solution of

alkali-purified total rubber {see p. 170), Pumnierer and Pahl obtained an
insoluble portion which resembled the above ether-insoluble portion.

Sol- and Gel-Rubber. We are indebted to Freundlich and Hauser for

the fundamental microscopic proof that the globules in latex, which was in-

vestigated in the tropics, consist of viscous interiors surrounded by solid

elastic skins, which when punctured allow the viscous contents to escape.

Their work shows definitely that there are two phases of rubber, provided of

course that the outer layer is actually rubber and not perhaps a mixture of
rubber, resins, and proteins. The above authors assumed that the “hull sub-
stance" consists of rubber, but do not give further analytical proof for the

statement. With this important evidence for the two-phase theory, the puri-

fication and fractionation of rubber must be considered by far the most
important problem for the chemist interested in the preparation of derivatives

^'Kolloid-Z,, Zsigmondy-Festschrift, Supplement Kolloid-Z., Zsxgmondy-Festschrift, Supplement
36, IS ff. (1925). * 36, IS ff. (1925).
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ni!i!cr. In llie present state of rubber research, one would not think of

ozofiizin,e" such a cri!<le mixture as raw rubber, or in any other way endeavor-

ing to determine its constitution. Of course, the fundamental importance of

Harries' earlier work on the ozonization of rubber for the purpose of deter-

mining the striicliire of the rubber molecule cannot be discredited. Even in

the ozonization of crude rubber, the loss of over 20 per cent of the original

material is diftknilt to explain.

Piminierer and Pahl, using total rubber in their experiments, directly at-

tacked the fundamental colloid chemical problem of the two phases of rubber.

When the ether-soluble portion, called “sol-rubber,”®-^ is extracted from finely

cut rublicr, there remains, depending upon the previous treatment, from 20

to 45 per cent of a more dihicultiy soluble portion in the form of swollen

gelatinous pieces. On drying, these pieces prove to be rubber (C 5Hs)x, con-

taining a trace of ash f about 0.2 per cent) and some nitrogen. The nitrogen

is presumably not protein nitrogen. It had been possible before this work

to decrease the nitrogen content to about 0.017 per cent, but more recently

with iinprecipitated gd from Revertex S, the nitrogen content has been de-

creased to a value as low as 0,004 per cent.

The new etlier-iiisoiuble component has been given the name “gel-rubber.”

This insoluble portion of the rubber undoubtedly contains the “hull sub-

stance,” previuusly isolated from the latex particles by Freundlich and

Hatiser. In addition the gel-rubber also contains a considerable amount of

“Inill” cuiiiponeiits which were dissolved in the interior fluid (the interior

fluid is for the most jjart sol-rubber). Sol- and gel-rubber differ primarily

in that the former is pure white and very elastic, while the gel-rubber, before

it is again ilissolved, is brown and very tough. The softening temperature of

‘<ol-ruljber lies between 115" and 130° C., and that of gel-rubber between

145' and 160- C. Total rubber, the purified starting material, softens at 130°

to 145° C. At tlie first temperature given in each case, the contours of the

individual niljber fibers begin to disappear when heated in a tube, while at

the second temperature they are no longer discernible.

Proof fur the logical assumption that in gel-rubber the crystallized portion,

and titerefore the clifiicultly soluble portion, predominates, has not yet been

obtained. Hauser and Rosbaiid conducted comparative x-ray investigations

on sol- and gel-rubber. With sol-rubber, extension to the point where inter-

ferences appear is very seldom possible immediately after it is prepared, be-

cause the rubber, which comprises a colloid chemical system characterized

by great elasticity and toughness, has been separated into an elastic (sol) and

a tough I gel) component. After standing for several weeks with exclusion

uf air, sul-riibber is more extensible than when first prepared. Interfer-

ences which are just as strong as those in ordinary crude rubber appear in

both components of rubber before and after vulcanization insofar as the

same degree of stretching is possible. Preliminary results on the vulcaniza-,

ticin of pure rubber, sol-rubber, and gel-rubber have also been reported.®^

Previous experiments on the hot vulcanization of total rubber show that it

is vulcanized considerably more rapidly than the two components separately.

^ Tbi^ per:: 'r, ;> r: ar. especially pure gation or orientation of the molecules can be
i&rm c: Jt euebter s rubber,** ob- recognized,
tained frorr: a'.k. tuial rubber.

"Altkmgb iHs remains ether-soluble Pummerer and Pahl, B^r,, 60, 2162 (1927);
at rmm temperature, the Erst sign of aggre- Rubber Chem. Tech,, 1 ,

167 '(1928).
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A continuous process devised by Pummerer, Andriessen, and Giindel,®^

for obtaining
sol- and gel-rubber by the fractional solution of the most diverse

raw rubbers, is described in the following section. Naturally, no quantitative

separation of the various hydrocarbon types is accomplished, but the method

represents a step in this direction. In order to simplify the work with

samples of rubber which have been treated in different ways, the method will

be described in detail.

In this connection it should be remarked that, according to a process de-

veloped by R. Pummerer, H. Kroepelin, and H. Miedel, it is possible to dis-

solve gel-rubber very rapidly and easily in organic solvents, if small quantities

of bases (ammonia, amines of the aliphatic series, or piperidine) or acids

I
acetic, brombenzoic, and others) are added to these solvents. By this pro-

cedure,' chemical action is not at all precluded. In the case of trichloracetic

acid, a slight decrease in unsaturation has in fact been determined, by titration

with iodine chloride.®^

The Fractional Extraction of Latex and of Crude Rubber with Ether.

This investigation, which, in contrast to Feuchter's diffusion method, takes

place as a continuous fractionation in a current of ether, has the following

objectives

:

1. To investigate various rubber preparations under similar conditions as to their sol-

rubber content.

t To determine the effect of various treatments preliminary to extraction (sodium

hydroxide, acetone extraction, heat).
^

»

*3. To obtain pure fractions from different crude rubber types for the purpose of

analytical investigation.
4.* To effect the extraction of rubber with ether more rapidly and more completely.

For the fractionation of rubber, the overflow extractor shown in Figure 45

is used. The flask A has a capacity of 1.5 liters and is provided with a

ground glass joint. Several flasks are used for changing the liquid during
the extraction. Dry ether^is placed in flask A and the ether is boiled vigor-
ously by heating on a water-bath kept at 50° to 60° C. by means of an electric

hot plate. The vapors ascend through a tube insulated with asbestos paper
and are condensed at such a rate that a thin stream of ether flows through
the vertical tube to the bottom of the large flask B (3.5 liters). H|re the rub-

61, 1583 (1928): Rubber Chem. Tech., Fisher and Gray, Ind. Eng. Chem., 18, 414
. 367 (1929). (1926),
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l, .,-r !' < \tracti*<l I'V liic ctlicr. and the solution then flows in a continuous

stream thrMusjh tlie overflow tube back into flask A. To prevent the carrying

over of fragments of ge-I-rultber, the mouth of the overflow tube is provided

with a fsnemiesh silver-plated copper screen (such as is usually used for

sTiirals I. A few centimeters above the level of overflow there is a_ small hole

in the vertical tube for the escape at b of dry carbon dioxide (air-free) which

v’iUTs flask A at j. From here the gas passes through an empty flask and a

mercury valve to y)revent air from entering the apparatus as a result of pres-

m. re variations or interruptions. The introduction of carbon dioxide prevent?

tlelay of boiling in A and protects the ruliber from oxidation. The apparatus

large enough to extract 1(X) grams of rubber. About two hours are re-

miired for the circulation of the ether throitgh the system.

' A “fraction” is understood to mean the quantity of rubber extracted in 24

hours. The lirst fraction, however, is removed after 6 hours, since in the

beginning a relatively large quantity of rubber is dissolved and the solution

intd may become too viscous. To isolate the rubber, the flask A is removed

I another being put in its place), most of the ether iii the flask is evaporated

at 45
' C. in a current of carbon dioxide, and the residue is dried under high

vacuum at 45“ C. The rubber is then preserved in an atmosphere of carbon

dirixide.’’’

The following varieties of rubber were continuously extracted m the above

apparatus; il i puritied “total rubber” obtained from preserved latex by

the sodium hydroxide method of Pummerer and Pahl ; (2) dialyzed am-

monia-iireserv’ed raw latex (from plantation Hevea brasiliensis)

;

(3) crepe;

and ( 4 i smoked sheets. The last two were extracted with acetone. When

Using acetone-extracted siiKiked sheets, the ether had to be boiled more slowly

because of the danger of disintegration of the rubber. This accounts for the

alnmrmaily slow rise of the curve for smoked sheets in Figure 46.

*'
1 f in soiae case-; h is not desired to Ijoil siphoned from A into an evaporating

tlie etlwr Wilution iif rubber in A for such The evaporated ether must then be returues

a tinif, the holulion may te continuously to flask B.
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Figure 46 shows the results of these experiments, the abscissa representing

Fetinie (in hours) of extraction, and the ordinate the percentage of the

original rubber dissolved by the ether. The rubbers used in the ether extrac-

tion were
previously extracted with warm acetone.

Total Rubber. By allowing smoked sheets to stand in ether, with frequent

renewal of the solvent, according to Feuchter’s process, Pummerer and Pahl

separated their total rubber into sol- and gel-rubber, 35 per cent of gel-rubber

hemg obtained in one case.

When the rubber was subjected to continuous extraction for 40 hours

jatthe end of which time 65 to 70 per cent of the total rubber was dissolved)

a distinct break in the curve occurred. Beyond this point, relatively little

I
rubber was dissolved ;

namely, only about 0.2 to 0.3 per cent of the original

amount for each 24 hours thereafter. The residue, as well as the traces of

rubber which are extracted in the final fractions, can be considered as gel-

rubber. From the tenth to the thirtieth day of extraction, the solubility of

the residue remains approximately the same, and the gel-rubber is therefore

considered to be fairly homogeneous. The solubility of total rubber is not

determined, but only its rate of solution. Further fractionation experiments

uh the main portion of gel-rul)])er are recorded below. The small quantities

of rubber which are dissolved in the fractions subsequent to the time repre-

sented by the break in the curve are known to be gel-rubber because, unlike

the rubber isolated from the first four fractions (sol-rubber), the rubber

obtained from the last fractions dissolves much more slowly in ether, and on

standing becomes insoluble in ether.

Alkali-purified rubber, before coagulation, is also soluble in certain solvents

and can be fractionated. The fractionation is best accomplished by the

method of Miedel, in which a second solvent (acetone) is added to the solvent

for the rubber (hexahydrotoluene) , for the purpose of wetting the hydro-

carbon particles. For example, 1 cc. of purified latex, containing 10 per

cent of rubber, is treated with 30 'cc. of a mixture of hexahydrotoluene and
acetone (equal volumes). A considerable portion (52 to 55 per cent) remains

undissolved, while the sol-rubber (45 to 48 per cent) dissolves and can be

isolated from the hexahydrotoluene solution. The acetone is first removed
from the hexahydrotoluene solution by shaking it repeatedly with water,

separating the two layers, and drying the hexahydrotoluene solution. The
portion of the rubber which is insoluble in the mixture of hexahydrotoluene
and acetone is in this case not pure gel-rubber, but still contains sol-rubber,

since the mixture of hexahydrotoluene, acetone and water does not dissolve

sol-rubber readily.

However, the experiment shows that the insoluble component is present

liefore coagulation. Even unpurified preserved latex, which yields the rubber
liydrocarbon exceedingly slowly to the ordinary organic solvents such as

Irazeiie, can be dissolved in hexahydrotoluene-acetone. The rubber globules

in this case still retain the protein shell and therefore dissolve less readily

tkn the rubber of alkali-purified latex.

Ammonia-Preserved Latex. Ammonia-preserved latex which was used in

the alkali-purification method, is also used for the ether extraction. After
being freed from water-soluble substances by dialysis, the latex is coagulated,
and extracted with acetone. The curve for the extraction with ether of this

I
product, which still contains all of the protein, rises much more slowly, and

I 60, 2151 (1927).
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even after 850 hours tliis rubber yields less extract than does total rubber
after only 50 hours. In this case too, a break in the curve is evident, althoir^li
lesf !)ronfjii!iccd. If unpurified latex, which has been coagulated and ex-
haustively extracted with cold acetone, is extracted with ether, only a few
fier cent of the s«sl-riil>ber is dissolved by” the ether, presumably because the
|ir(»tein shell of the glr»bules is still present.

Para Crepe, ta^ The course of the curve of extraction of a raw Para
ert'pe I see p. 178 » is strikingly similar to that of ammonia-preserved latex
treated as described above. The extraction proceeds rather slowly, and the
hreak in the curve is evident as before. It is surprising that after 52 per cent
has l^een extracted, only very' small quantities are dissolved. The crepe
thcrefrire contained 48 per cent gel-skeleton.

I h I Repetition of the experiments, using the same crepe except that in this
case it had been previously extracted with acetone, showed far different re-
sults. Wlien freshly extracted with acetone and dried in high vacuum, the
crepe was quite unsuitable for fractionation with ether, because it swdled
very rapidly and dfsrutegrated into minute flakes, which were not retained bv
the silvered copper screen. However, after this crepe had stood for three
months under carbrm dioxide, this difficulty was overcome, and the sol-rubber
was then extracted by the ether more quickly” and in greater quantity than
before storing. After 45 hours, 55 per cent had gone into solution, and after
150 hours, an equilibrium was reached at which but little more dissolved.
The resifliie of gel-skeleton after 700 hours amounted to 16.8 per cent of the
original niaterial The ether extraction of acetone-extracted crepe, which
had been stored for IjT years after the acetone extraction, resulted in a lar<^er
residue of gel-skeleton, namely, 28.1 per cent. After storage of crepe, which
Iiad been disaggregated by treatment with warm acetone, the solubility had
cuiisi« lera! dv flecreased.^*’

Hie coinniiious ether extraction also permitted the preparation in a con-
venient \va}' i.if analytically pure sol-rubber from crepe. With acetone-
t-xtracterl crepe, the tir.st fraction was colorless and almost nitrogen-free, and
had a ci .mposition corresponding to the following analytical values

:

\\t. of sample for comlmstion 0.1338 gram; CO. 0.4326 gram: H 0,1428
gram. 1 er cent C. 88,18: H, 11.94. \\ith raw crepe, a product of this
purity was first obtained in the third fraction. The fractions beyond the
ninth one were no longer analytically pure, probably because of contamination
with hbers resulting from the slight disintegration of the gel-skeleton. The

1^1, example, showed the following percentage analysis; C.
8/./4: H. Il./o, and contained more nitrogen than the lower fractions The
irxrease in the nitrogen content with the number of the fraction is illustrated
i.y the lohowmg senes of nitrogen determinations (Dumas method)

Fraction 1 Fraction 7 0.33%
Fractions 0.13 Fraction 9 0.46%
Fraction c 0.20

, Fraction 10 0.50%
The gel-skeleton remaining after extraction showed the following per-

entage analysis: C. 81.3d; H, 11.06; N, 2.06; Ash, 1.02; O (by difference),
.a. From this analysis, the protein content of the gel-skeleton of crepe is

ca culated to be about 13 per cent. To obtain pure gel-rubber from crepe, the
gel-skeleton was allowed to swell in benzene for six weeks. The clear sola-

* Cliaiiges
also p!ay
lyw soi-ri;

at tite protcin-riiMier interface can
a part m tfeis caw. The abnormally

values wfeicb are obtained with

unpurified latex (see above) but not wiili

acetone-extracted crepe, are also probably is*

liuenced by this factor to some extent.
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tionof benzene above the flakes was siphoned off, the benzene was evaporated

ill vacuo and the residue was dried in high vacuum at 50° C. The remaining

trel-rubber was pale yellow in color and tough, and gave the following values

on analysis

:

Substance, 0.2181 gram. N, 0.3 cc. (15.5° C., 733.5 mm.)
Substance, 0.1284 gram. COa, 0.4154 gram; H^O, 0.1363 gram

Calcd.for (C5Hs)x: C, 88.15 ;
H, 11.85. Found: C, 88.23 ; H, 11.88 ;N, 0,15

The carbon and hydrogen determination in this case was carried out with-

out the use of a reduced copper spiral. When this gel-rubber was kept in a

2 per cent benzene solution for several weeks, it yielded a highly viscous gel,

while the second fraction of the sol-rubber, with about the same nitrogen

content (about 0.1 per cent) gave a true, although viscous, solution. The
value for the relative viscosity of gel-rubber, in 1 per cent benzene solution,

was about three times the value obtained with sol-rubber (about 18 to 6).

A further removal of the nitrogen-containing impurities in undissolved gel-

lubber seems possible by redissolving the freshly prepared samples in petro-

leum ether. For the sake of completeness, the analysis of the crepe inves-

tigated is given: 3.5 per cent of water and resin were extracted by acetone,

while the dried residue contained C, 87.27; H, 11.88; N, 0.57 (Dumas) and

0.37 (Kjeldahl) ;
Ash, 0.22.

To explain the notable effect of acetone extraction on crepe, which was
manifested in an increased sol-rul)l)er content, a study was made to determine

whether this effect was thermal or whether it was the result of preliminary

swelling in the acetone.

Five grams of finely divided crude crepe were sealed under carbon dioxide

and warmed at 60° C. for six days. Another sample of five grams of finely

divided crepe was digested in acetone at room temperature for six days, and
the rubber was then isolated. Both samples, together with a control sample
of untreated crepe, were then digested with enough ether to make 1 per cent

solutions. These solutions were agitated for a short time twice daily, and
after six days the solutions of sol-rubber were poured off from the insoluble

part and washed. The sample which had been warmed gave a highly fibrous

residue and a turbid solution. The sample treated with acetone exhibited a
similar behavior but to a lesser degree. In the first case, 82.3 per cent of

sol-rubber was extracted
;
in the second case, 56.7 per cent

;
from the un-

treated control sample, only 40 per cent. The action of boiling acetone on
crepe rubber during extraction is chiefly thermal. The swelling effect, which
was measured at room temperature instead of at 56° C., the boiling point of

acetone, was actually too small.
The gel-skeleton from unextracted crepe (40 per cent yield) was kept in

carbon dioxide in a sealed tube for one year, and was then digested with
ether. The amount of rubber which was now extracted with ether was 4.6
per cent more than should have dissolved according to the extraction curve
of the gel-skeleton for the previous year. Therefore, on standing, ether-
soluble sol-rubber was again formed from the gel-skeleton. After warming
at 60° to 65° C. for 30 days, this same gel-skeleton contained 27.5 per cent
sol-rubber.

s -

Smoked Sheets. Smoked sheets, when digested in ether with repeated
shaking (according to Feuchter’s method), do not give clear ether solutions,
and the sol-fractions contain nitrogen. However, the' continuous extraction,
’^nth careful manipulation, gives very good results with this rubber. The



niEMiSTRy or rubber

.Ml-riibl.er dissolved vcrv rapidly, the curves showing a pronounced break

after (.0 to 70 hours, when 70 per cent had been extracted, the ultimate

value after 700 hours was 86 per cent sol-rubber. The high sol-rubber value

ubtahied lor smoked .dieets is to be ascribed to the fact that in the smoking

uruce-s the ruldier is warmed at 45° to 50= C. for six to ten days.

Ihnlr initial fractions, whidi were of amber color in the case of unextracted

c'-ept- were in these latter cases an intense orange color. The analysis of the

third 'fractinn whicii was colorless and practically nitrogen-free, gave the fol-

•uAvinT values': C, 88.17; if. 11.84 la pure product). The values for the

viscioaiies of solutions of these sol-rubbers are of the same magnitude as those

for solutions of sol-rubber from crepe.^ The later fractions in this case also

contained somewhat more nitrogen, bractions 1, o, a, /, 9 and 10 showed

th.e following nitrogen values ( Dumas method ) ; 0.06, 0.14, 0.13, 0.15, 0.25,

0 34 The ether was decanted as slowly as possible, in order to prevent fibrous

material from being stirred up into suspension.^ When the procedure was

carried out rapidlv, the last fractions contained 0./ per cent nitrogen.

The gel-skeleton from smoked sheets f 13 per cent by weight of the origiii_ai

materiid
)
gave the following analytical values: C, 77.89; H, 10.90; N, 3.25;

Xsli. 1.91 :
O ( In- difference), 6.04. From this analysis the protein content

is calculated to be 20.4 per cent. The smoked sheets, after extraction of 3.4

per cent of water and resin by acetone, gave the following analytical values;

C. 87.02; H. 11.^8; X, 0.46 i Kjeldahl i, 0.65 (Dumas) ;
Ash, 0.3.

The Mutual Transformation of Sol- and Gel-,

AND OF JJpha- AND Bcta- Rubber

The mutual transformations between ether-soluble and ether-insoluble

rubber, which have been observed by technologists for decades, have only in

recent year® tbe object of more e.xact scientific investigation. Pum-

merer'-''' pointed out that the first fractions of sol-rubber, when preserved

fur one year in a sealed tulie from which air was excluded, remained coni-

nletely ether-soluble, while under the same conditions very slow formation

uf gel-ruhber occurred in fractions beyond the fourth or fifth. The fractions

t;{ sol-rubber above the fourth, as we now know, show a higher nitrogen

content than the first fractions, and it is therefore possible that some of the

gel-rubber from the insoluble portion has passed into these fractions during

extraction with the ether.

( lel-rublier which has been reprecipitated from benzene solution with alco-

b.oi also becomes partly insoluble in ether on standing, although it is originally

c F.mletelv soluble in ether. The insoluble gel-rubber which is again formed

< :: -t:.:: hr.g. is, however, never as insoluble in ether as the gel-rubber when

first obtained, for example, from total rubber. Even reprecipitated gel-ruhber

iisuallv contains about 0.15 per cent of nitrogen and requires several week?

for solutitjn in ether, while sol-rubber with a nitrogen content of 0.1 to 0.2

per cent is dissolved in 24 hours and forms a solution which never becomes

turliid. After a sample of reprecipitated gel-rubber (obtained from Rever-

tex I, containing only 0.04 per cent nitrogen, had been stored for three months

it dissolved completely in ether after three days although the gel-rubber, in

contrast to sol-rubber, had not at first formed transparent, swollen gel-crumbs.

Experiments on the determination of the iodine number of rubber

p. 197 ) have shown that gel-rubber exhibits a chemical behavior toward

At!cites 4, flelirered at Essen; Kauischuk, 3» 234 (1927).
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iudine
chloride which is different from that of sol-rubber. The problem

I therefore more complicated than was assumed by earlier investigators.

Ill the first place, a minimal nitrogen content is of great importance for

formation of an ether-insoluble phase in rubber, although this phase

later consists of almost 100 per cent gel-rubber. Secondly, the chemical

component, gel-rubber, when freshly prepared, is soluble in ether, as is sol-

riibber, but on standing becomes more difficultly soluble, and on going into

solution first becomes turbid.

In 1927, Paul Bary and E. Fleurent studied the change in the degree of

polymerization of rubber. Ceylon Hevea sheets freshly prepared in 1914

were completely soluble. After storage in the dark until 1927, these sheets

I
were partly soluble : smoked sheet was 22.5 per cent insoluble in benzene,

and 23.8 per cent insoluble in ether; crepe was 15.6 per cent insoluble in ben-

zene, and 20 per cent insoluble in ether. Moreover, a block of Para, after

being stored for 75 hours at 52° C., showed considerably more of the soluble

cmiiponent in cold benzene in 56 days than originally. (Sec j). 181 concerning

die formation of ether-soluble components from gel-skeleton on standing.)

P. Bary and E. A. Plauser,^- in a joint communication on ‘‘Researches on

die Structure of Rubber,” have reviewed the reversible change of soluble

rubber (called a/p/m- rubber) to insoluble rubber (called Z^rfa-rubber). They
assume that an ecjuilibrium exists which can be displaced by heat and me-
chanical treatment. The h cta-vnhh^v is distinguished from the alpha-ruhher

solely by its higher degree of polymerization, or more correctly, degree of

aggregation. Since gel-rubber exhibits a chemical behavior different from
diat of sol-rubber, it is difficult to assume an ec[uilibrium between the two
forms if one does not wish to ascribe to the micelle a fundamentally dift'erent

mode of reaction. Gel-rubber could, however, exist in an ether-soluble

alpha form and an ether-insoluble beta form, and these two could be in equi-

librium with each other. That the gel-rubber after preparation no longer

contains appreciable quantities of sol-rubber, is also shown by the concordant

iudine numbers of gel-rubbers from various sources. However, it is not

known how much alpha-gtl-vuhhtr exists in sol-rubber. It is possible that

die re-formation of the ether-insoluble Z?c?fa-gel-rubber is connected with a

certain swelling value of alpha-gel-ruhheT in sol-rubber, which value is only

I reached in later fractions. If this is the case, it is entirely possible that an
alpha- and a beta-iorm exist in sol-rubber. Both would be ether-soluble, but

could be distinguished by their extensibility and heat of swelling (see p. 478).

Just how the alpha and beta forms are to be visualized is not yet clear, but
will probably be determined by following the changes on aging, and by apply-
ing titrometric and viscosimetric methods. There are two possibilities :

1. It may be that we are actually dealing with polymerization through pri-

mary valences—a continuation of rubber synthesis. If this proceeds by the
union of isoprene groups, a large number of unit rubber molecules would be
formed (polymerization of the first degree, irreversible at room temperatures
and slightly above, in which each homolog differs from the adjacent members
of the series by the CsHs group). These polymers could then probably react

further to produce more complicated structures by the union of two or more
unit molecules (polymerization of the second and higher orders, slowly re-

versible at room temperature and quite readily reversible at slightly elevated

*^ Compt. rend., 184, 947 (1927); see also P. Kantsclnik, 4, 96 (1928); Rev. gen. caout-

caoutchouc, 4, No. 31, 3 chouc, 5, No. 42, 3 (1928); Rubber Age
0927). (JV. y.), 23, 685 (1928).
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I. This could alstj he pictured by assuming the disappearance
honds through the formation of four-membered rings. Continuation

Hi the same fundamental type of polymerization of the first order with the
formation of long chains, would involve the assumption of low molecular
vtiocifies in tlie case of the larger molecules and the presence of isoprene in

the system.

2. It may be that polymerization by addition to produce more complex
polymers proceeds through secondary valences, or generally through van der
Waal's forces, and is to !)e designated as association or aggregation. In gen-
eral, associaticui at a given temperature proceeds rapidly. In the case of
riiliher, because of the sluggish nature of the system, the process mav be
checkefi. Benzoic acid, when dissolved in benzene, is at once present in the
di-molecukir form: and carbon tetrachloride, when dissolved in cyclohexane
immediatdy forms aggregates consisting of four molecules of carbon tetra-
chloride.^*^ In the colloid chemical system of rubber, however, no such free
mobility of the particles may ])e assumed, and the orientation, as well as
crystallization, may therefore require a long time. The gelling of a solution
can

f
irolkihly he considered as a phenomenon parallel to that mentioned in this

r'j rr'rn r'tU

The T, of the reversible alpha-hefa equilibrium could itself be ac-
celerated by warming, if in so doing the complex beta-systtm is not thermally
degraded. In this connection, the following experiment of Kroepelin and W
Briimshagen is of great interest. If freshly prepared alkali-purified sol-

rubber which shows no structural viscosity and is composed essentiallv of
alpha types of sol- and gel-rubber is heated for five days in a closed tube at

C. under carbon dioxide, the viscosity increases about 1.5 times, and in

addition there appear anomalies fstriictural viscosity). If the experiment is

continued for twenty days instead of five days, the result is the same. This
sliows that after five days an association equilibrium has been reached. If
this is a true polymerization, it is hard to understand why the process does
not continue. It is highly improbable that a thermal polymerization equilib-
rium is reached after so short a time. In this experiment, the rubber used is

ether-soluble both before and after treatment.

Behavior of Rubber on Heating

The Dry Distillation of Rubber
^At a comparatively earl}’ time attempts were made to deduce the structure

of the rubber hydrocarbon from a study of the products obtained by the pyro-
geiietic decomposition of rubber.^^ Purified natural rubber, when heated in

air,‘ begins to soften at 120° C., and as the temperature is increased, changes
to a thick brown oil, which does not solidify or become elastic again and which
has lost its typical rubber-like properties. At about 300° C., cracking takes
place and a large number of decomposition products are formed, the boiling
ranges of which lie between 180° C. and 300*° C.
The fir^^ important attempt to distil rubber at atmospheric pressure was

made by Hiinly.®^ He described two products resulting from the distillation:

» Scheibe and Felder. Dissertation of E. Felger,
Erlangen, p. 59, 1926.

* Dissertation of Brumshagen, Erlangen, 1929.

* Ditraar, ‘‘D-er pyrogene Zerfall des Kaut-
«iiBiss, Steinkopff and Springer, 1»07.

* RtibLer is macii more stable to increasing tem-

perature when heated in vacuo or in inert

_
gases.
*‘De Caoutchouk _ejusque destillationis siccae

productis et ex his de Caoutchino, novo cor-

pore ex hydrogenio et carboneo composito,”
dissemit Fr. C. Himly, Gottingen, 1855.

Ann., 27, 40 (1838).
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low-boiling fraction which he called “faradayin,” and a high-boiling fraction

(vhich he called “caoutchene
”

\ hydrocarbon having a boiling point of 37° to 38° C., was later isolated

from faradayin by Williams.®* He termed this substance isoprene, but did

not have the pure compound. Tilden »® proposed the present structural

fotniula for isoprene,

CHs
I

CH. = C — CH = CH.

The correctness of this formula was confirmed by Ipatiew and Wittorfd®^^

\V. Euler established final proof for the formula by synthesizing isoprene

from ^-methylpyrrolidine.
^

Ipatiew also found trimethylethylene in the

low-boiling faradayin fraction.

The discovery of isoprene in the distillation products of rubber was of the

greatest importance in the determination of the constitution of rubber. It

was soon found that isoprene, on prolonged standing, again formed rubber-

iike products. Isoprene and rubber are therefore genetically related. It

was, of course, a long step from these first casual and non-reproducible ob-

servations to the actual preparation of synthetic rubber from isoprene (see

p.240 ff.).

Wallach^^^ showed that caoutchene contained dipentene. The formation

of dipentene and other terpenes from two molecules of isoprene was first

explained by Wallach. Today, in the light of Thiele's theory of partial

valences, we consider the formation of dipentene as resulting from the 1,4-

addition of one molecule of isoprene to the 1,2-position of a second molecule

of isoprene, according to the following scheme

:

CHa
I

:/\
HC CHa

HaC CH*

HC
I

HaC— C = CH2

CH3
I

c

HC CHj
I I

H,C CHv
\/
HC

I

C
/\

HaC CHs

Dipentene has also been prepared synthetically by W. H. Perkin, Jrd®"*

Bouchardat reported that the dry distillation of 5 kilograms of rubber pro-

duced three fractions in the following quantities

:

250 grams isoprene = 5 per cent
;
b.p. about 18-100° C.

2000 grams dipentene = 40 per cent
;
b.p. about 100-200° C.

600 grams heveene = 12 per cent; b.p. above 200° C.

Harries deserves mention for further progress in identifying the decom-
position products from the distillation of rubber at atmospheric pressure. The

y, Chem, Soc., 15, 110 (1862). Ann.. 227, 292 (1885).
Chem. Soc.. 4S, 410T C18S4): Chem. News. Proc. Chem. Soc., 20 , 86C, 1604 (1904);

^46, 129 (1882). J. Chem. Soc.. 85, 654 (1904).
y.prakt Chem., (2), 55, 1, (1897). Bull. soc. chim., (2), 24, 108 (1875); see

30, 1989 (1897); J. prakt. Chem.. (2), also Ann., 27, 30 (1838).
131 (1897). Harries, “Untersuchungen **

prakt. Chem.. (2), 55, 2 (1897). p. 10.
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. - i!-f rqH.rtcd liv r.ouchardat could not l>e confirmed In-

i

'
I K- i'.niriiii-fl onlv d per cent of pure isoprene (based on the weight

r^J.iwr ijMdling at to 34'^ C. Harries further separated the dipen-

fru-iion l.oiIiiig at 13U= to 200’^ C., by distillation at 15 to_ 16 mm. pres-

'

-md obtained three fractions. While the hrst two fractions contained

'/’!'uoi.'We’',."the third fraction consisted largely of dipentene.

a»tc-r drving over sodium, boiled at 147° to laO® C., under a

M-t'~~ure' of 7ormni.,'was colorless, and had an unpleasant odor.

0.8286,

i'vSrs C.88.1.^: H. 11.85. Found: C, 86.15: H, 12.11.

ilarries thought that this fraction contained a hydrocarbon of the open-

p^.

,

/ / after drving over sodium, boiled at 168° to 169 C., at /61 mm.

T,re-~rVe was colorless, possessed the odor of dipentene, but did not form

.'ioeniene ivtrabroniide or terpinene nitrosite ;
whh hromine a characteristic

deep vii let color wa.s obtained ;
d-'>= 0.8309, iili

•*’ — 1-4o8d o.

>1 -.•-act!.:;: C:.!cd. i'nr CuH.o : 44.92. F.mnd : 4.5.54.

i';,’n;tr.ta:-'.';c:4c..-b: falcd. inr C-.uH.o: C, 88.15; H, 11.85. Imiind; C, 8/. 38: H, 12.(Jii.

1 '-irrie' 'ii'iiectcd the e.'cisience of a new terpene in this hydrocarbon.
'

The iraotiun boiling above 200° C., the -heveene” of Bouchardat, was

•b.-ipe.I in iliL- large3t" amount, and consisted of viscous oils, with boiling

nuiiU; un to 300° C'. Harries could not obtain the characteristic nitrosite re-

.cli’.n for rubber from the highest boiling fraction.
_ _

Kriiber siiuws an essentiallv different behavior when it is distilled m high

’ -icimT. if. Fiscl’.er and Harries,^"" in a short communication, called atten-

t 1. 1 the fact that the drv distillation of rubber in high vacuum increased

rnc,til-ion of high-’ ding fraction, at the expense of the low-boiling

5-;-c:iouFV\ccordhig to Harries,”'® the distillation of rubber at 0.1 mm. pre.s-

-'4-
'-.n 'tiiiced. in addition to a small amount of isoprene, principally a thick,

o’i'v ir.'ixture boiling between 220° to 260° C., from which no solid nitrosite

c. .'u:.’.* be obtaineti by ireatment with nitrous acid. Unchanged rubber wa>

•.h.erefore not nre.sent in the distillation products of rubber at low pressures.
“’-••’4

;:c •n-'t;iti-;n -roducts of rubber in high vacuum were recently in-

'. .'5:nn iing-.-r and Fritschi.”’® According to these investigators,

’.uriueil rubber began to swell when the temperature of the metal bath reached

20° tu 250° C. Distillation then proceeded at a uniform rate if the tem-

i.eraiure of the bath was maintained between 300° and 330° C. Towards the

irnd of the distillation it was necessary' to raise the temperature to 350° C

The yield of the distillate was 63.5 per cent, part of which had condensed in

a receiver cooled to —80° C. The remaining 36.5 per cent was obtained as a

resinciu.' residue in the distillation flask. If the distillation was conducted

rapidiv, the amount of distillate could be increased to 95 per cent, according

tu) Stauclinger.

The distillate was then fractionated in a Ladenburg flask at 0.03 mni.

pres'ure and separated into eleven fractions. A receiver cooled to —80° C,

Urved to condense the more volatile constituents. Table 2 gives the per-

centage yiedds which Staudinger and Fritschi obtained by the fractionation

o! the rubber decomposition products.

383, 20^ (1911). w->HeIv. Chim. Acta, S, 796 (192,
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Table

Fraction

1

2

3

4

5

6

7

8

9

10

11

2,^Fractional Distillation According to Stand in yer and fritschi.
Temperature of

oil bath Boiling point Yield A'ield
^ C. ° C. Grams Per cei

Room tcniperatui'c Condensed at—80^
10.1 5.6

80- 88 45- 46 21.0 11.6
90-110 46- 60 7.8 4.4
114- 124 60- 85 9.5 5 3
124-142 85 - 100 14.9 8.3

144-170 100-150 14.6 8.1

220 - 240 150-170 29.8 16.5

240 - 250 170-190 14.0 7.7

270 - 300 190-220 26.5 14.7
310-345 220 - 255 14.5 8.0

Resinous residue about 15.0 8.3

The following substances were identified in the eleven fractions :

Three per cent of crude isoprene_ (based on the weight of the rubber) with a boiling

range of 30° to 50° C., was obtained in the receiver cooled to -80° C.

The remainder of fraction 1 and fraction 2 contained 30 grams of dipentenc. which

was identified by preparing the bromide and the hydrochloride. An aliphatic diterpene

and a cyclic terpene, isomeric with dipentenc, which were obtained by Harries in the

distillation at atmospheric pressure, could not be obtained by Staudinger.

Fractions 3, 4 and 5 consisted of a liydrocarbon C13H24 two druible bonds.

A diterpene with three double bonds was present in fractio: .- ,! 7.

From the highest boiling portion of fraction 7 and from fraction 8 a hydrocarbon

CmHw was isolated.

Staudinger assumed that fractions 9 and 10 contained hydrocarbons of the formula

CwHis and CsoITsfl.

The elementary analyses of the above-mentioned substances always gave

values for carbon which were about 1 per cent too low. Staudinger attributed

this difference to an auto-oxidation of the hydrocarl )on. Table v3 gives the

physical properties of the purest fractions.

Table 3.—Physical Constants of Fractions Accordiny to Staudiiiycr and Fritschi.

Composition

Mol. wt.

Calcd.

Mol, wt.

Found
Boiling

Point ° C. dT no
Md
Calcd.

Mo
Found

CioHifi

2 double bonds,

1 ring

136 142,000 ‘58

(11 mm.)
0.8390 1.4724

.
45.24

Fraction 2.

45.24

C15H24

2 double bonds,

2 rings

204 200,000 88-91

(0.05 mm.)
0.8895 1.4980 66.13

Fraction 2.

67.23

C20H32

3 double bonds,

2 rings

272 268,267 118-122

(0.02 mm.)
0.9046 1.5065 88.76

Fraction 3.

89.41

02^40
4 double bonds,

!

340 303,316 142-148

(0.04 mm.)
0.9161 1.5119 111.37

Fraction 4.

111.2

The number of double bonds was determined by titration with a 0.5 N solu-

tion of bromine in chloroform.
The dry distillation of rubber has yielded, in addition to isoprene, a num-

ter of its polymers which contain the same percentages of carbon and hydro-
gen. The study of this reaction has therefore definitely shown that the
rubber hydrocarbon is an isoprene polymer of high molecular weight having
the formula (CsHs)^. The chain composed of isoprene units i^ cracked by

““Harries, “Untersuchung-en " p. 10. Cf. Ber., 35, 3266 (1902).
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pyrogenetic distillation in such a manner that only isoprene or its polymers

are produced. The weak linkages of this chain at the ends of the group

ca
^ CH-j— C~ CH — CH. >

recall the great reactivity of the allyl halides. Staudinger was led to the

hyp«'itliesis that the long chain rubber molecule built up of isoprene units can

dissociate in solution at room temperature or at slightly elevated tempera-

tures, and that dissociation occurs between groups of the diallyl type, ac-

cording to the following scheme.

CUz CH3

-CH.— CH — CH,

—

Other polyprene radicals are attached at the arrows and the point of dissocia-

tion is indicated by dots. The dissociation is similar to that of hexaphenyl-

etliaiie, and results in radicals containing trivalent carbon. It should ]je

pnssilile to detect these radicals by a sharp absorption band in the ultra-

violet spectral region, which, according to Scheibe and Pummerer,^^^ is not

observed. These radicals would, furthermore, be expected to react at once

with iodine, but no such reaction could be observed.

Midj^iey and Htiine* [J. Am. Chem. Soc., 51 , 1215 (1929)] have reinvestigated and

e.xtended the earlier work on the destructive distillation of rubber, for the purpose of

determining the constitution of rubber. Rubber was destructively distilled at atmospheric

pressure. The temperature was always rapidly raised to 700° C. Rubber was alsn

distilled in the presence rf metals such as magnesium, zinc, copper, iron, and aluminum.

Ten per cent oi the distihatc consisted of isoprene and 20 per cent consisted of dipentene.

The yields of the other compounds in the distillate were low. The compounds in the

distil fate were olehnic, dienic, aromatic and hydro-aromatic in character. The compounds

itientiticfi were: 3-methyl-i-hutcnc, 2-methyl- 1 -butene, isoprene, 2-methyl-2-butenc.

2-metl'5yl-2-penter.e. benzene. A*-tetrahydrotoluene. toluene, ;H-xylene, /i-tetrahydroethyl-

toiuene. /j-ethyltoluone and dipentene. Neither myreene nor a terpene boiling at 168'

to 169" C. was found in the distillate. Midgley and Heiine assume that the long chain

molecule of rubber, proposed by Staudinger, breaks at single valences, that the points

of breakage are represented b^- partial valences, and that the double bonds are resolved

into partial valence forms. The formation of the resulting stable compounds can then

he explained by the following postulates: (1) adjacent partial valences may join to

form double bonds: f2j single partial valences six carbon atoms apart may join to form

rings; (3) any pair of partial valences, preferably those not adjacent to others, may

accept hydrogen; (4) partially hydrogenated aromatic compounds liberate hy^drogen to

yield the corresponding aromatic compounds; (5) partial valences not joining nor ac-

cepting hydr-sen may migrate. Nearly all of the compounds predicted could be isolated

from the distillate.

T. IViidgely, A. L. Hcnne and A. F. Shepard [/. Am. Chcni, Soc., 54
, 2953 (1932)]

have also identified the following compounds in the products obtained from ebonite by

destructive distillation : 2-methyIthiophene, 2,3-dimethylthiophene, 2,4-dimethylthiophene,

2,5-dimethy!thiophene and ???-xyIene.

The destructive distillation of rubber (pale crepe) in the presence of anhydrous alumi-

num chloride has also been reported [Zelinsky and Koslow, Ann., 497 , 160 (19321;

Rubber Chem. Tech., 6, 64 (1933)]. The decomposition of the rubber with AlCls

takes place at a lower temperature than without AlCb. Two hundred grams of pale

crei^ rubber when distilled with 10 per cent by weight of AlCb yield 69 per cent of

liquid products ^aiKl 14 liters of gaseous products. No isoprene was found in the

prcxlucts of distillation. The liquid distillate contains saturated light oils of the benzine

wiser,, m, 2163 (1927). Translator’s Note.
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nries as well as unsaturated heavy oils of the same series. Destructive distillation in

L n^esence of larger amounts of AlCh (20 per cent by weight of the rubber) yields

distillate which contains benzine hydrocarbons, which are completely saturated. The
Ldrocarbons resulting from the distillation are largely cyclo-alkanes. The mechanism

f the thermal decohiposition of rubber m the presence of anhydrous aluminum chloride

i therefore different from the thermal decomposition of rubber alone.

'\he largest yield of isoprene obtained from rubber by destructive distillation was

jbtained by H. L. Bassett and H. G. Williams (/. Chem. Soc„ 1932
, 2324). Pieces of

iilid rubber were dropped on a hot surface and the products of pyrolysis were quickly

'moved and cooled. In this way a yield of 16.7 per cent of isoprene was obtained,

totment of the higher-boiling fractions according to a modification of Harries’

isoprene lamp’' method gave a total over-all yield of 23 per cent isoprene.

Cyclization by Heating

Without Acid

Staudinger and Geiger carefully studied the effect of heat on rubber un-

der circumstances such that complete cracking was avoided, and found that

under these conditions the number of double bonds diminished. When
heated in an indifferent medium, a good grade of crude rubber becomes soft

at 200° C. without undergoing any profound change. The number of double

bonds which can be determined remains approximately the same. Solutions

of the heated rubber have a much lower viscosity than solutions of the

original rubber. Lowering of the viscosity may be caused either by disaggrega-

tion or by degradation of the rubber.

Above 250° C., a fundamental change occurs in the rubber, resulting in

the removal of the double bonds and the formation of rings. There is

formed a polycyclo-rublier which the above authors formulate in the fol-

lowing manner

:

CH.— CH.~ CH.— C — CH2

CH.

CH 2— CH 2— CH— cm —
This change is best brought about by heating rubber for several hours in

ether solution at 250° C. The cyclic product thus obtained still contains one

double bond for every five isoprene units, four of the isoprene units having

combined to form a ring. The appearance of the rubber has also completely

changed. Polycyclo-rubber is a light yellow powder which no longer pos-

sesses the properties of rubber. Solutions of polycyclo-rubber are only

slightly viscous. The cryoscopic molecular weight determination in benzene
no longer gives indeterminable values, but values corresponding to a mole-
cule composed of 30 isoprene groups. Cyclization of the rubber molecule
has brought about an increase in density, which usually accompanies ring

formation. Rubber has a density of 0.920 polycyclo-rubber a density

of 0.992 (d'l®) \vhether it is obtained by heating rubber or from the hydro-

bromide of rubber.

The double bond which remains after cyclization can be hydrogenated and
reacts normally toward bromine, sulfur chloride, and ozone. The hydrocyclo-
nibber produced by hydrogenation has a molecular weight (measured in

benzene) of 2050, which agrees with the value for cyclorubber and with the
value obtained by Pummerer for the molecular weight of rubber when de-

termined in camphor.

^Hih, Chim. Acta, 9, 549 (1926).
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;t is vrry tliat ynlynierizatioii accompanies cyclizatioii when ruh-

;;rr is heatiVi. It i- ai>M very i>roljable that the polymerization of rubber with

lin ii-trachiHri^e, -r to the niethucl of Britson/^^ is accompanied bv

cvcliziiiu ill «''f tl'x rubber molecule.

In in.e pyrueenvtic dec^mpusitinn of polycyc]o-ru]>ber there is obtained a

e".n;T!le>; mixture of cyclic conipnuncls, from which dipentene has not been

isolated. Knbber, «.ci the otlier hand, yields considerable quantities ( ii|) tu

12 per cern,
;

pure dhpeiitene when heated to about 300''" C. without a

-..I vent ir: :nt aimo^nhere of carbon dioxide at ordinary pressure. Hiirty

I
or ce:n .m- theiveipdu of the rubber distils over, of which 40 per cent is dipein

t:.^ne ntid !::e remainder is C‘'^mposed of sesqui-terpenes and higher terpene>.

The residue, wiieii further heated in high vacuum, yields 20 per cent more
^

.*

"d::a Invlrocarboiis. Forty per cent by weight of the rubber used

rv:. ah.- in d.^- iiask in llte form of a brittle resin, which is nothing but cvclo-

rubl^er, am! which can he purified by extracting with ether and reprecipi-

tnting with alciFol.

Ida." results of these investigations, especially the formation of large quan-

tities «u* ddpenteiiv an<l the formation of cyclo-ruhher at the beginning of the

lyrngcnetic decom]iu>iti<jii, may later be of great importance in determining

l]:e CMii-tittUioii of nilmer.

With Hydrochloric Acid and Zinc Dust

liundes ami Fveim believed that they had succeeded in bringing alxait

a luirtial fiydrogenatissii of rubber in the form of its hydrochloride. These
author- J.i-solvetl rulFer in ethylene chloride, saturated the resulting solu-

lini: vdili hjydrocliluric acid, and then reduced the rubber hydrochloride witli

,:inc ddie}' edjtaiiied the c/y/at-hydroruhher as a white solid product
vddeh wa> >till unsaturated after purification.

-\cc- <rdi:ng to recent investigations by H. Staudinger and W. Widmerfi^"'

r.ylrcgeiaaticat does not occur in the reduction of rubber hydrochloride with

ante :t>t, : u: rather an inner condensation (cyclization). The reduction

pro lta:: a fiurfy white powder, which still contains one-half the doiilde

loroL- C'f the ru3)ber Winoiiocycio-riilfi)er Upon repeating the treatment

,v:th I:}'ilr._gen chb'iridv and zinc dust, there is formed a polycyclo-rubber

u’hidi crettains t'zSiy one double ]>ond for each 3 to 4 isoprene group.sd^"

dTe cry di-tilituiru: oi the product in a manner similar to the dr}’ distillation

f nil Ter save a mixture oi hydrocarl^ons boiling at various temperatures.

In contrast to the results cTiained in the distillation of natural rubber,

Fiaiidiinger CiUiId not i.solate dipentene from the distillate. In the process

i f c}’dizario!i, there are formed cyclo-rubbers which differ widely in mean
mulecular weight, depending upon the boiling point of the solvent in which

tl:e rubber i- heated with hydrochloric acid or hydrobromic acid (tetralin

tohiviie 4,C^!X), xylene 10,000 j. The cyclo-rubbers are only partly

,-tjlubie in ether, but are very’ readily soluble in the other usual rubber sol-

\-ents. lliey can be distinguished from rubber by a comparison of their

1 110 leciilar refract ion s

.

CCffK . 19 , lii33 i.l927).

Siemens-Koncern, 1 ,

Sr-95 user, . . -1., 16, 3252
_

mi:).
''"iO Crepi,, 36, 227 (1925); Heiv.

Lir.K .-l/f .% 9, also Ann,, 46S,

47 (1929), where the cyclization of gutta-

percha is described.

The monocyclo-riibber might better be termed

hemicyclo-rubber.

Cf. alxive, “Cyclization by Heating.’*
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The catalytic hydrogenation of the so-called mono- as well as the polycyclo-
’

-libber
leads to the same hyclropolycyclo-rubber of empirical formula

(' H ).•
which only every fd'nrth isbprcne groiVp has added one molecule

'.hvdrogendi®

Still more noteworthy is the behavior of mono- and polycyclo-rubber

•, ward oxidizing agents such as ozone or permanganate. The reaction prod-

Kt formed by these reagents has the empirical formula (QHsO)x, and is

jn amorphous,
insoluble material. Such a substance is occasionally obtained

Irani rubber by the action of the above oxidizing agents.

Staudinger also treated 2,6-dimethyl-2,6-dichlorheptene with zinc dust

and hydrochloric acid, and considered that the cyclogeraniol
) formed

“•as produced by a reaction analogous to the previously discussed reaction

,cvclization) of the rubber hydrochlorides, d'hc reaction can be represented

in the following manner :

,i—~cyclogermiiol /3—cyclogeraniol

.\ mixture of two isomers is formed. In a similar maimer, the formation of

mcinocydo-rublier from rubber hydrochloride is represented as follows 1)y

Siauclinger and Widmer :

(CHd

~ (CH,)

CHa
Ic~ (cn,).

Chh CH,
I IC— (CHOn— C~ (CH.)
I I I

Cl Cl Cl

CH CH3 _^CH
II II

C— (CH.),— C-~ (CH.),— C — (CHj

The position of the double bond in the case of the beta-cyclogeraniol is ar-

iiitrarily chosen. Splitting off of hydrogen chloride certainly takes place in

the most diverse ways. The synthesis of higher hydrocarbons from lower
members is also possible through cyclization, involving different molecules,
and very likely proceeds in this manner. The above authors, for example,
ukained a diterpene by the action of zinc dust on dipentene-dihydrohalide.

H.L. Fisher* [Ind. Eng. Chon., 19 , 1325 (1927), U. S. Pat, 1,605,180 (1926); Can.
1^31,256,567 (1925) ; Ind. Eng. Chem., 19 , 1325 (1927) ;

see also Kirchhof, Kautschiik;
i 142-148 (1928); 5, 47, 65 (1929)] by treating rubber directly with sulfuric acid on
m mill, obtained thermoplastic products which have found commercial application. He
also milled rubber with chlorosulfonic acid (HOSO.Cl), organic sulfonic acids, and

direct cycliaalion of rubber in the ah- Stauding'er and E. Geiger (dissertation, Ziir-
aarmal catalytic hydrogenation by means of ich, 1926), cyclization, as well as hydra-

and hydrogen is discussed on p. 229. genation, can readily be followed by measur-
Ims of cycH/aiion was the first to be ing the molecular refraction.
wJcnbed in die literature. According to * Translator’s Note.
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€li!‘ .ride.^, e.f». :;-t chloride, i^-naphthalene sulfonyl chloride and

other Milfonic acids and '".rh* ' n..- ! chir rides. When the milled rjubber containing the above

organic acids or acid chlorides, is sheeted out and heated at 125'’ to 135° C., the rubber is

c* nverted into touch the-moplastic products resembling gutta-percha and balata. if

mated siniilariy in bulk the products formed are hard and thermoplastic, like shellac.

The< pro,ducts’ which have been given the general name “thermoprene” are hydrocarbons

*ji high ni»»Jecu!ar weight with the same composition as rubber (CsHh)^.

Ikus^'in, Sebrell and Calvert [!nd. Eng Chem., 19 , 1033 (1927)] also treated rubber in

soIi3ti-')n with stannic chh.>ride, ferric chloride, titanium chloride,
_

and
^

nrtirrmny penta-

cfCioride. Addition products arc formed which when treated with
^

ale j.'-s- yield

prodiicts similar to thcise obtained by Fisher with organic sulfonic acids. Evers {Kaut~
scliiit, 1, R Xov. 1925 1 has also treated a solution of rubber in chlorbenzene with alumi-

iiutii chl<>ride. When ferric chloride or other amphoteric metal halides are mixed into

rubber or. the mill, and the resulting mixture is heated to 175°’ C., similar products are

obtained ffoix^s and Winkelmann, Chem. Abstracts, 21
,
1031 (1927) ; Can. Pat.. 267,116

All of the abeive-flcscrihed products are less unsaturated than the original rubber hydro-

carbon. Cyclization nf the rubber hydrocarbon has probably taken place, and the result-

ing products are clas>ified under the term “polycyclo'rubber.” For an excellent summary
of the work in this field, see Fisher, “The Chemistrv of Rubber,” Rubber Chon. Tech.,

7, 115 n93fM.
A reaction product of rubber with benzyl chloride in the presence of anhydrous AlQs

has liecn described by Kirchhof. The reaction is carried out by pouring anhydrous
alimiiiiiim cliksridc suspended in CCb quickly into a cooled rubber—carbon tetrachloride-

benzyl chloride solution. Hydrochloric acid is evolved and a grayish-white spongy mass
is formed, whidi remains as a white amorphous product. The product swells very littlt

in organic solvents and is almost insoluble in the ’common organic solvents. At 100° C.

the product is slightly thermoplastic. In contrast to the cyclorubbers which are still

20 per cent to 30 per cent unsaturated, the new product is quite inert toward halogens

and oxygen. The new product is known as “benzylidene rubber.” Its constitution has

not been established, but the empirical formula corresponds to a compound of the com-
position I A substance of this composition would correspond to the reactft)n

rf three molecules of benzvl chloride with one CsHs group, Kantschuk, 7, 128 (1931);
Chem. Tech., 5, 110 (1932).

The Effect of Heat ox Rubber in Solution

H. Str.t: and FT. F. Bendy found that solutions of gutta-percha

in benzene nr in toluene could be heated for weeks in an atmosphere of car-

Ijoh rfinxide without altering the original viscosity of the solutions after they

were again coaled. When gutta-percha was heated in xylene, however, a

decrease in the relative viscosity of the solutions occurredd^® When solutions

of crude riihher or alkali-purified total rubber, in benzene or in toluene,

were heated for one day, a decrease in the viscosity of the solutions had oc-

curred. The original viscosity after cooling continued to decrease from day

to day until, after heating for ten to fourteen days, the change was considered

ojniplete. Heating in xylene, because of its higher boiling point, produced
a more rapid decrease in the viscosity of the solution and a lower final value.

It is noteworthy that the final value for the viscosity was not appreciably

changed fjy replacing xylene with the higher boiling tetralin (206^ C.).

Staiidinger made similar observations with the highly viscous polystyrenes
having the highest molecular weight. He makes the very plausible assump-
tion that in the polymerization of an unsatiirated hydrocarbon (styrene,

isoprene I the mean molecular size of the high molecular weight polymers
depends upon the temperature of polymerization. A system of high molecu-
lar weight polymers which would he unstable at a certain temperature,

46S, I (1929). ing by 7?2. The decrease in viscosity is repre-

*‘“'The viscosity of the solution before beating seated by ^ and after heating in benzene for

is denoted by fj, and the viscosity after beat- 10 days was equal to 1.98.
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would be stable at lower temperatures. If such a system which had actually

attained
polymerization equilibrium at certain temperatures were heated,

smaller fragments of the original molecules would be formed. Thus degrada-

tion of the gutta-percha molecule first takes place in boiling X3dene at a

temperature of 142° C. With rubber the change takes place in boiling ben-

zene and in toluene. For this reason it is estimated that the molecular weight

of rubber is greater than that of gutta-percha. This view is confirmed' by
the relative viscosities of these two substances, which, when compared with

the viscosities of the polystyrene fractions, point to very large molecules

I the so-called macromolecules) in both cases. It is estimated that the molecu-

lar weight of rubber is greater than 100,000; and that the molecular weight

of gutta-percha is greater than 50,000. In the light of this hypothesis, the

high molecular weight of rubber is given as an explanation for its low

thermal stability.

Up to a temperature of 150° C., no diminution in the number of double

bonds is observed when solutions of rubl^er are titrated with iodine chloride.

Staudinger assumes that at higher temperatures the long chain rubber mole-

cules crack into shorter ones possessing the same degree of saturation, with-

out undergoing cyclization. Only at a temperature of 142° C. (in ])oiling

xvlene) are molecules first formed of such a size that a cryoscopic determina-

tion of the molecular weight in benzene is possible. The rubber recovered

from the solvent gives average molecular weight values of 4,200, while re-

covered gutta-percha gives values of 2,800. At a higher temperature (206°

C) the values are respectively 3,400 and 6,400. At the higher temperature,

partial cyclization takes place and in the case of gutta-percha the cyclic com-
pounds are apparently further polymerized to cyclic products of higher

molecular weight. The products recovered from toluene and xylene are

viscous and tacky in the case of rubber, and solid in the case of gutta-percha.

The properties of the original substances are thus retained to some degree.

The results of molecular weight and viscosity determinations, as well as

of titration experiments, are frequently unreliable, because of auto-oxidation

of the sample cluring the prolonged boiling in an atmosphere of carbon dioxide.

This is especially true in the important experiments carried out in xylene

in which the rubber recovered from the solvent in high vacuum at 80° C. can

not be brought to constant weight. On analysis, the hydrocarbons resulting

from the degradation of the rubber show an oxygen content of 1.5 to 2.0 per
cent, for which reason deficiencies up to 6 per cent in the determination of

the number of double bonds are disregarded. Oxygen-containing decomposi-
tion products or their transformation products, which were not removed by
drying in high vacuum, are also included in the measurements.
Staudinger and Bondy consider these experiments on the thermal degrada-

tion of rubber, which result in the cracking of macromolecules of indetermin-

able size into smaller molecules of varying size, as proof that rubber cannot
be composed of a small unit molecule consisting of eight to sixteen isoprene

groups. On the basis of this assumption, they are of the opinion that their

observations are to be explained by polymerization reactions. Such reactions

are entirely possible, since polymerization reactions have been shown to take
‘place when sol-rubber is heated (see p. 184). At that point the reactions

were interpreted as aggregation, which also has the same tendency toward

T^is is more likely to be the case with a formation, than with rubber in latex, which
polystyrene which requires many years for its is collected daily.
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the viscu-ity as dues the furniatioii uf molecules of increasing size.

kractiMri- Ifctween twu or nmre molecules to produce high iiioleciilar weight

Tjulv!iier>, are less likely tu occur in solution than in the undiluted condition,

hut are nevertlieless p<jssihle, as are also decomposition and rearrange-

nieiit. StMudinger and B« *ndy assume that such reactions take place on heating

gii!ta“|iercha fruiii 142' C- to 206^ C. If such an open-chain molecule of

lliiite size is cracked only into smaller open-chain molecules the number of

.lunble b»jnds must necessarily increase. If the number of double bonds does

nnt ir.crease in spite of the decreasing molecular size, it could be concluded

that c\*dizati(«n had taken place. It should he mentioned that all rubber solin

tioiis >tiidiied bv Staiidinger and Bendy, because of the crepe and total riib])er

shuuld show an abnormal viscosity behavior, namely structural viscosity

i di--])Iace!neiit elasticity ).

.Xccording to Kriiytd-- it is to be suspected that all solutions of lyuphilic

culkkids arc capable of gelatinizing. W'ith gelatine and agar, swelling tem-

perature- are knenvii above which the viscosity of the solutions becomes
rj iriiial In this case, however, the abnormalities are reversible, and

and Bundy emphasize especially the irreversible nature of the

degradation reactions nf rubber which they investigated. It must also l)e

renieiiihered that, at least with rubber, the solutions still contain the swollen

“hull substance'’ uf the riihl>er globules, provided previous solution has not

taken place. These “hutanicaB’ particles are, of course, irreversildy de-

stroyed. F.veii though they are not destroyed, the re-formation of the origi-

nal 'urgr. - may possibly require long standing of the dry products re-

tajvered from solution.

I'he conclusiveness of this work of Staiidinger and Boiidy for the existence

uf maerumi tiecules i>f rubber and gutta-percha is therefore still doubtful.

A piirely culloidal chemical explanation seems probable.^^^

l'i:e vi-ccjsities uf solutions of rubber are very largely dependent on

nitrugen-c* ntaining and other impurities. This is shown by the great difter-

enci* i:i v:>cu>ity between solutions uf raw rubber and of pure rubber. Solii-

tiuiiN uf pure rubber * varying with the concentration) possess only one-

fuurth to uiie-iiinth tlie viscosity of solutions of raw rubber of the same
c«jncentratiuii. Even purified rubber is not completely nitrogen-free (see

!l. 17o

Halogen Derivatives^ of the Rubber Hydrocarbon

The colloidal nature of the rubber hydrocarbon makes difficult its chemical
investif^atioii. For this reason, early attempts were made to prepare definite

lioniugeiieoiis derivatives, Iw the aid of which proof of its constitution and
molecular size could have been obtained. Rubber, since it is an unsaturated
hvdrocarbuii, reacts princirally at the carbon double bonds. These reactions
]»rove that < ne •lude :

- .m! is present for each Cr.Hs group. The addition
products with the halogens and halogen acids will be first discussed.

y /U'VUy'. Bfihefie, 28, 1, 1928.
i-'3 ^ Me\er,

17, 255 anti Pu::::::e:-t'r, KantsEiiik,
5, 129 C1929),



halogen derivatives of the rubber hydrocarbon 195

Halogen Addition Products

Addition o£ Chlorine

Gladstone and Hibbert treated a one per cent chloroform solution of

rubber with chlorine. On evaporating the solution, they obtained a light

vellow substance of the composition C10H14CI8.

* The reaction was repeated by Hinrichsen, Quensell, and' Kindscherd-^

who cooled the solution of rubber in an ice bath. After reprecipitating the

reaction product several times, they isolated a white amorphous substance

the composition of which indicated the formula, C10H14CIC.

These substances are probably not homogeneous. A pure addition product

of the formula, C10H10CI4, analogous to the tetrabromide to be descri])ed,

could not be isolated. The addition of chlorine to the rubber hydi'ocarbon is

always accompanied by the formation of hydrogen chloride, which is pro-

duced by substitution or more probaldy by splitting ofif hydrogen chloride

from the dichloride.

Addition of Bromine

The bromine addition product of rub])er is of far greater importance, since

a quantitative method for the determination of the rubber hydrc)car])on is

based on this addition reaction.

The earliest work on rubber bromide was done by Gladstone and ITil)bert.'‘-*‘

These investigators obtained the bromide by the action of bromine on rubl)er

dissolved in chloroform, and were the first to obtain the so-called rubber

tetrabromide CioHioBr4 . They obtained a by-product, CioHinBrs, which

they supposed might well be formed by the elimination of hydrogen bromide

from the normal addition product, CioHioBrp,, (assuming three double bonds

in the complex, CioHie,). The tetrabromide has a tendency to split ofif hydro-

gen bromide on evaporating its chloroform solution. Weber, in order to

avoid this, did not evaporate the solution, but precipitated the bromide by the

addition of alcohol. Weber described the tetrabromide as a white substance

insoluble in the usual rubber solvents. The elimination of hydrogen bromide
can be prevented by preparing the compound in the cold. On heating the

bromide to 50°-60° C., a lively evolution of hydrogen bromide takes place

and the white compound becomes discolored. The complete removal of

bromine can not be accomplished even at a temperature of 150° C. The
tetrabromide, as in the case of all halogen addition products, is a compound
of high molecular weight, the magnitude of which cannot be determined by
the usual methods, since determinations at higher temperatures are excluded.

The analytical figures agree well with the formula, CiqHigBi^. It dissolves

in aniline and pyridine with partial decomposition. The composition of the'

tetrabromide is best expressed as a dibro-mide of the formula (C5H8Br2)x*
The quantitative determination of rubber as the bromide, referred to above,

is best carried out according to the method of Budde and Hubener,^-® as

follows

:

A 0.15 to 0.2 gram sample of the rubber is allowed to swell in carbon tetra-
chloride, and is then treated with 50 grams of a bromine solution consisting of 5 cc. of

53, 682T (1888).
Farhen-Ztg., 37 , 552 (19321

46, 1284 (1913).

Chem. Soc., 53, 682T (1888).
Ber., 33, 786 (1900).
Gummi-Ztg.^ 23, 6 (1909).
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and I m'afn i( dint; carrier dissnlvcni in a liter of carbon tetrachloride. After

f r d dari!;g wb.ich the mixture ib frequentl.v shaken, the tetrabromide

ir r re :a:c : by the additaai of a quantity of alcohol equal to one-half the volume of

• yd . : ni, Tile tfuantity of rubber hydr'.ca’-h r. can be calculated directly from the

weiuht of the tetraf^njiiiide, or from the v.c-ij:'.:
_

: silver^ bromide obtained by the deter-

miiii4tio!i (.1 bromine in the precipitate. Excessive bromination can be avoided by cool-

i!i44 in an ice bath, accordir.u to the pnjcedure of Hinrichsen and Kindscher (see p. 3bli.

Harries observed that the evolution of hydrogen bromide always ac-

ct»ni|ja!iie(i the furniatiuii of the tetrabromide. He states that the tendency

ill the tetrahromide to liberate hydrogen bromide increases with the purity

of the starting material. This evolution proceeds more readily on warming,

Init tlie cninpiete rennsval of hrnmiiie with alcoholic potash is accomplished

only with difficulty.^^^'^

V\ eher treated the tetralmomide with sodium phenolate, and isolated three

distinct pheiir*! derivatives of rubber. They' are soluble in alkali, acetone,

and ether, and inscdiible in chloroform, carbon disulfide and hydrocarbons.

W’e are indebted to Srav/lin.ger and Geiger for a thorough investigation

ut these derivatives, h:--,:'.: :hc alkali solubility of these substances, it is to

be expected that they contain phenolic hydroxyl groups and that the phenolic

yr r/ ' are linked to the carbon atom of the rubber molecule through the

;r:::;::aa:; of hydrogen halide. They are lyvdroxy'l derivatives of rubber

diphenyl. \’arious phenol derivatives can he prepared from the diljromicle

1 bbHsHry with the aid of ferric chloride, at temperatures of 90° to 120° C.

Tile reaction proceeds with vigorous evolution of hydrogen l)romide. It is

possible to replace the two bromine atoms by phenol, cresol, resorcinol, or

pyroa'ri!!o!. which are attached to the rubber hydrocarbon at the ring.^^s

lliese products can be coupled with diazo compounds in the usual manner.

Furthermore, tlie hydroxyl groups of the phenol derivatives can be benzoyl-

ated according to the Schutten-Baumann reaction. The phenol ethers, such

as anisole and phenetule, react more slowly with the dibromide. The di-

brniiiide uf gutta-percha also reacts with the various phenols, to give deriva-

tives aiiahjgoiis tu the rubber derivatives with phenol.

Addition of Iodine

W'eber obtained an iodine derivative by treating a three per cent carbon
disulfide sulutiun of rubber with an excess of iodine. The reaction mixture
solidified to a jelly after twelve hours. The filtered reaction product was
w'aslied with alcohol and was an egg-yellow powder which w^as soluble in

warm aniline and in piperidine. \Mien preserved, it decomposed with sepa-

ration of itfdine ithis took place rapidly in sunlight) and became brown.
An elementary analysis indicated a substance of the composition, CooHsJg.
The action of iodine on rubber was further investigated by Hinrichsen and

Kempt. They allowed a one per cent solution of iodine in chloroform to

react with a one per cent rubber solution, and showed that the mixture was
rapidly decolorized in direct sunlight. They isolated the iodine derivative

bv fiOtiring the mixture into l>eiizene, and obtained a white powder which con-

tained not only iodine, but also oxygen. Hinrichsen and Kempf doubt the

existence uf the iodine derivative prepared by Weber and refrain from as-

signing a formula to their compound.

Harrif*;. “I'ntcrsMcliiiiaijen p. 12.
Kirc’ihof, Kolimi-Z., IS, 126 (1914).» Ber., 33, 7U» rm’: Acta, 10, 53fl, 539 (1927).

^ See also, Fisher, Gray and McColm, J. Am.
Chem. Soc., 48, 1309 (1926).

33, 789 (1900).
^Ber., 46. 1288 (1913).
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The determination of the iodine number of rubber according to a slightly

modified Wijs method, by means of iodine chloride in chloroform solution,

was recommended by H. L. hisher and A. E. Gray.^^*^ They found that crude

rubber reacts with 95 to 96 per cent of the iodine required by the theory

which postulates one double bond, and therefore the addition of one mole-

cule of iodine, for each CsHs group. Bruson criticized this method ad-

versely. Pummerer and Mann,^^^ l}y observing certain precautions, found

that the method was applicable when solutions of rubber varying in concen-

trations from 0.2 to 0.8 per cent were allowed to stand with approximately

0.2 iV iodine chloride solution. It is immaterial whether the reaction is con-

ducted at 0° C. or at room temperature, or whether the reaction mixture is

allowed to stand six hours or ninety hours. The procedure for the deter-

mination (three parallel determinations) is conducted in the following man-
ner:

At the end of the reaction, which requires six hours, 2 to 3 grams of potassium iodide

are added to the chloroform solution, which is then shaken for several minutes. The
bulk of the quantity of 0.1 N sodium thiosulfate necessary to combine with the excess

iodine chloride (a 25 to 50 per cent excess is used) is added, and the titration is finished

by the dropwise addition of the thiosulfate, using starch in the water layer as indicator.

After the iodine has all been consumed, the free jialogen acid is determined by means of

0.1 N sodium bicarbonate solution or normal sodium hydroxide solution. The acid con-

tent in the case of sol-rubber is about six per cent of the halogen consumed. In the

dry reaction, no hydrogen halide is formed, if sol-rubber prepared from alkali-purified

latex is used. With gel-rubber a considerable quantity of hy^drogen halide is formed in

the reaction. If it is assumed that this was formed by substitution, the high value for

the unsaturation of gel-rubber is reduced to 98 to 100 per cent.’’'*® If water is added,

sufficient additional quantities of the halogen acid arc formed from the gel addition prod-

uct, to make the total quantity of acid equal to 8 to 10 per cent of the halogen consumed.

The iodine number, together with the oxygen number (given in parentheses) obtained ac-

cording to Prileshajew’s method {sec Pummerer and Burkard, p. 209) is given in the

following summary

:

Sol from latex or Revertex : 100.3 (93.8).

Gel from latex : 108.6 (99.8) ;
from Revertex: 110.2 (98.4).

Sol from smoked sheet: 98.3 (91.3) ;
from crepe: 97.6 (91.2).

Gel from smoked sheet : 102.5 (94.5) ; from crepe: 110.3 (98.2).

The total rubber from crepe, latex, and Revertex give iodine values of

100.4, 101.5, 101.9 respectively.*

Addition of Hydrogen Halides

The addition products of the halogen acids with ruliber show, as did the

addition products of the halogens with rubber, that in the reaction one double

bond has disappeared for each CsHg group of the molecule. With the ex-

ception of the hydrofluoride, the halogen acid derivatives corresponding to the

formula (CsHs.HX)^ have all been prepared and characterized. These sub-

stances are not completely homogeneous, even wdien prepared from purified

rubbers of the same analytical composition.

^^Ind.-Eng. Chem., 18,: 414 (1926); see also,
A. R. Kemp, Ind. Eng.. Chem., 19, S31
(1927); A. R. Kemp and G. S. Mueller, In'd.
Eng. Chem., Anal. Ed., 6, 52 .(1934) ;.R. Pum-.
merer and H. Stark, Ber-., 67, 292 (1934).

^Bruson, Ind. Eng. Chem., 19, 1036 (1927).

62, 2636 (1929).

is questionable whether this is permissible,
since the halogen acid could also result from
cyclization, in which case it should not he
subtracted.

^ Translator’s Note. Pummerer and Stark
\Ber., 64, 825-30 (1931); Rubber Chem.
Tech., 4, 398-403 (1931) ] have found that

the above values for sol-' and gel-rubher_ hold
when a chloroform solution of rubber is d-

trated with a solution of iodine chloride^ in

carbon tetrachloride. The excess of iodine-

chloride used amounted to 20 per cent.

These authors also found that rubber re-

acts with dithiocyanogen, and that the addi-

tion of this reagent to the rubber corresponds
to one molecule of dithiocyanogen per CsIIs

group.



( IIEMISTRY OP RUBBER

Hydrochloride

prepared iht‘ hy<lrnchloride ]>y 3
)assin,4^ moist hydrogen chloride

into a clil<»rnfonii solntion'of rubber, the liyd:-f)gen chloride is at first

energetican}' absorbed, llie end of the reaction is recognized by a large de-

crease in the original visc<jsity of the solution and Ijy the darkening in color

fif tlie seiliition.
’

If the reaction mixture is poured into alcohol, the hydro-

clih^ride separates as a white, stringy mass, which sometimes decomposes

sfioiitaneniisly intu a white powder. Weber emphasizes the fact that the

prt'tdiicts Mbtaiiied with dry hydrogen chloride are not of constant composi-

tion. W'heii ms^i^t liy<lrejchloric acid is used, the composition of the products

is a]^*» varirtiile. 1lic values obtained from an elementary analysis are only

in fair agrveiiient with, the calculated values for the formula C5H 9CI, the

ehl<jrine value always being from 0.5 to 3.0 per cent too low. No measurable

depression is observed in the molecular weight determination, since the prod-

uct is of high mnleciilar weight. Solutions of the hydrochloride are much
less viscous than those of rubber, because of the absence of double bonds in

the nioieciile,^^^ The h.vdrochloride is soluble in chloroform and benzene

without decomposition. In pyridine and in piperidine, it decomposes with

eliniinatitsii of ipvdrogen chloride. P^or the preparation of the hydrochloride,

lliiirichsen and Kindscher u.sed purified rubber which had been reprecipi-

lated with alcohol, and cooled the solutions of the rubber in an ice bath. They
e»btaiiied a prorhict which contained 2 per cent less chlorine than the amount

rerfuired hy the loriiiiila C,-,H;,C1. All hydrochlorides prepared thus far show
variable values the chlorine content.

Evr^liiticui of liydrogen chloride from the rubber hydrochloride begins

w hen it is warmed to 40" C. According to Weber, the evolution of hydrogen

clilorid.e ap]}arently ceases when the original chlorine content has been re-

duced frnm 55.9 per cent to 18 per cent. The remaining chlorine is assumed
he mcire lirnily boiindi, and since no further elimination of hydrogen chlor-

id.e occur- nn lieating this product to 130'^’ C., Weber concludes that a sub-

stancr of th.e formula C:* Hi»;.PICl has been formed. The calculated chlorine

cemtent of a substance having the formula CioHic-HCl is 20.5 per cent.

The eliniiiiati«iii of hydrogen chloride from the hy^drochloride, by means
ru' heat and organic bases, was later more thoroughly^ investigated by

Plarries.^*^- In order to remove the hyxlrogen chloride, he heated the hydro-

chloride in zvciio at C and obtained a product which contained about

12.5 per cent chlorine and retained it very tenaciously. The uniformity of

this substance is y.:e-f>nah]c-. Weber's assumption that he had obtained a

uniform -r^duct. v'-. by the partial elimination of hydrogen chloride

from the hydr eh!- ride is no longer tenable. A formula C30HS2.HCI or

C 2sH 4ii-HC! would correspond to a substance containing 12.5 per cent of

clilurine. according to Harries.

Piiiiiiiierer and Stark heated the hy’drochloride at 100° C. under a pres-

sure of 0.1 null., and succeeded in bringing about a further evolution of hydro-

gen chloride. They compared the hydrochlorides of sol- and gel-rubber,

which have about the same analytical composition. After heating for 20

days, the hydrochloride of sol-rubber still contained 3.27 per cent chlorine,

while the hydrochloride of gel-rubber contained 11.23 per cent chlorine.

33, 779 (19tl0j. ^-Harries, “Untersuchungen ” P*

'

Staadm,?er that degradation of the
di'ss^'seutive rufirr roulecule has also taken Unpublished.
place.
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\fler heating for 10 days longer the chlorine content of the sol-ruliher

hvdrochloride had decreased to only 3.0 per cent, while that of the gel-rubber

h'vdrochloride had decreased to 5.35 per cent.

'Harries showed that the hydrogen l)romide addition products behave in a

similar way. When heated in vacuo at 100^ C., the bromine content decreases

below that expected for the formula CioHie.HBr. The complete removal of

the halogen acid, which cannot be accomplished by heating in air, succeeds

almost quantitatively, according to^ Harries, if the hydrochloride is heated

with pyridine at 125° to 135°* C. in a sealed tube. The reaction product is

isolated by pouring it into water, and washing it on the mill. Tn this manner,

there is obtained a regenerated product, which contains only 0.1 to 0.3 per

cent of chlorine. It is thus practically chlorine-free. This hydrocarbon is

called alpha-isorvhhtv by Harries, and can l^e obtained from the hydrochlo-

ride in a yield of at least 75 per cent. The decomposition of the ozonide of

ii//)//a-isoriibber has led to important conclusions on the constitution of rubber.

{Sec p. 217.)

Hydrobromide

The hydrobromide of rubber which Weber could not prepare, was
simultaneously prepared by Harries and by Hinrichsen, Quensell, and

Kindscherd^'^

A yield of 94 to 95 per cent of the theoretical quantity of the hydrobromide

is obtained by the same method employed for the preparation of the rubber

hvdrochloride. An elementary analysis points conclusively to the formula

I tr,Hs.HBr)x. The hydrobimmide is grayish white, gradually turns brown,

is tough, soluble in chloroform, and insoluble in alcohol. If the hydro-

bromide is heated, it begins to evolve hydrogen bromide above 135° C. and
decomposes completely around 160° C.

Hydrogen Iodide

The hydro-iodide can be obtained in the same manner, with a yield of 76

per cent of the theoretical amount. The analytical data of Harries again

point to a formula, (C 5H 8.HI)x. Shortly after preparation, it foimis a white,

tough mass, which rapidly turns brown or black and decomposes. It is

soluble in benzene and insoluble in alcohol. When heated to 100° C., iodine

is liberated, and the decomposition is complete at 125° to 135° C.

In contrast to Harries' work, Hinrichsen, Quensell and Kindscher iso-

lated a hydro-iodide which according to an elementary analysis has the

formula (CioHi6.HI)x. The rubber hydrocarbon has therefore added only

one-half the normal quantity of hydrogen iodide. The method of preparation

wts essentially the same as that used by Harries, the only difference being

that the hydrogen halide was previously dried and the reaction mixture was
cooled in an ice bath. The different results obtained l)y the two investigators

can probably be traced to these conditions.
For the sake of completeness, it should be mentioned that Spence and

Galletly prepared an addition product of chromyl chloride and rubber.
The substance is a dark brown powder, and according to the elementary

46, 733 (1913). Bcr.. 46, 1286 (1913).
33, 779 (1900). 46, 1286 (1913).
46, 736 (1913). J, Am. Chem. Soc., 33, 190 (1911).
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tiiinK'siJ' fills llic i C KtH ujCrOijd j X- \\3.t0r clccuniposcs it with

the fonsiation of an a! Ichy^le. Selenium oxychloride also forms an addition

j,)rodiict with rubber.^

The sulistaiices described above are all of high molecular weight. Decom-

pusiiioii of the rubber molecule has therefore not occurred. The important

k-siiltb of the work on the addition products have shown that the rubber

hvdrucarbuii contains one double bond for each five carbon atoms, that is,

fur each group in the molecule. The question arises whether the ad-

dition of the hydrohalide has taken place without cyclization, since it has been

shown that the action of concentrated sulfuric acid on the rubber hydrocarbon

re>iilts ill extensive cyclization Uvc p. 164). Cyclorubber, according tc*

Staudinger, adds less halogen and halogen acid than does rubber. Staudinger

fiirlher "assumes that the reaction of the halogen acids with rubber at the

double bonds is accompanied by dissociation of the molecule at certain link-

ages between diallyl groups, similar to the dissociation of hexaphenylethane

I c’f. p. 188 ). In connection with this view, it should be mentioned that a

suiiitiun of ruhlier hydrochloride is much less viscous than a solution of

riiliber.

The Action of Nitrous Acid, Oxides of Nitrogen, Nitrosobenzene,

and Tetranitromethane on Rubber

Nitrous Acid and Oxides of Nitrogen

if the oxides of nitrogen are allowed to react on a solution of rubber,

nitrogen and oxygen enter the rubber molecule. In addition, degradation of

the niljber molecule takes place. The principal investigators in this field are

Harries, W’eber, and Alexander. The results of these investigators are not

in agreement, however.

In a preliminary communication, Harries reported that a yellow amor-

phous substance, insoluble in acetic acid, is obtained when the gases resulting

from the action of nitric add on arsenic are allowed to bubble through a

solution of rubber, if this substance is heated in a melting point tube, it

begins to sinter at 90^ to 100° C. and decomposes at 130° C. without melting.

The values for the molecular weight of this substance in methyl acetate, ac-

cording to Laiidsberger's method, vary between 1100 and 1700.

C. O. W eber next reported on the action of dry nitrogen dioxide on

solutions of rubber. He is supposed to have obtained a substance of definite

composition (CioHigN204 )x, which agrees in properties with the above-

described product of Harries. At the beginning of the reaction an amorphous
substance separates in the form of cohering crusts which soon change to a

coarse-grained powder. If this powder is dissolved in acetone and the

acetone solution is allowed to flow into water, the reaction product is obtained

as a yellow, fine, flaky mass. Weber’s analytical results agree very closely

with the theoretical value for the formula, (CioHif,N204 )x. The substance

is very readily soluble in acetone, slightly less soluble in acetic anhydride and

ethyl acetate, and insoluble in alcohol, benzene, carbon disulfide, and ether.

TranslaturN Note. An addition product of
rubber with thiog'lycolic acid has been ob-
tained bv Holmf-serg IBer., 65, 1349-1354

Tech,. 6. 71 (1933) 3.

The addliiwn prwJuct has a composition, cor-
rf^TJcndinc very closely to the formula CsHs
' HSs'H.Ct JTi s The product is soluble in

sodium hydroxide and can he reprecipitated

with hydrochloric acid in the form of a white

amorphous, i)Iastic mass.

Carl E. Frick, Chem. Nejvs, 127 , 74 (1923),

34 , 2991 (1901).

Ber.. 35, 1947 (1902).
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The situation was clarified through later exhaustive investigations by

Harries/^^ and the existence of Weber’s nitrosite was disproved. Harries

showed ’that the reaction of gaseous nitrous acid on rubber proceeds essen-

jiallyin two stages, which are dependent on the duration of the action of the

nitrons acid. The gas is prepared from arsenic by reaction with dilute nitric

acid of specific gravity 1.30, and is dried by passing it over phosphorus

pentoxide. Under these conditions the gas consists largely of nitrogen tri-

oxide, N203 '

The primary reaction product, which is formed by the action of nitrous

acid on the rubber for a short time, is called ‘hiitrosite A” by Harries. It

separates as a light-green colloidal precipitate. After it ceases to form, the

solution is allowed to stand for several hours and is then filtered. When
dried, the precipitate forms a readily friable fine powder which is insoluble

in the usual rubber solvents and in alkali. It dissolves in aniline and in

pyridine with decomposition. Heated in a melting point tube, the “nitrosite

A” decomposes between 80° and 100° C. The elementary analysis of the

substance leads to the conclusion that the nitrosite has the formula

(CioHifjN203 )x, although the carbon and nitrogen values are low, indicating

that oxygen has been added to the molecule.

Calcd. for (CioH,„N,0:.)x: C, 56.60; H, 7.55; N, 13.21

Found: C, 54.12, 55.37; H, 7.39, 7.18; N, 12.01

A secondary reaction product, called “nitrosite C,” is formed if the nitrous

acid is left in contact with the rubber solution for a longer time. It is dis-

tinguished from “nitrosite A” by its solubility. The preparation of “nitro-

site C” of definite composition, can be duplicated if the same experimental

conditions are maintained. The “nitrosite C” seems to be the final product

of the action of the nitrous acid with variable N.^Os and N 2O 4 content on the

rubber, for if the solution in benzene, which is already saturated with the

nitrous acid, is allowed to stand for another day, the solubility of the nitrosite

is not changed. The “nitrosite C” is also formed when the insoluble “nitro-

site A” is suspended in benzene and is then subjected anew to the action of

ihe nitrous acid. In order to obtain the same product repeatedly, Harries

perfected the following procedure

:

Two hundred cubic centimeters of thoroughly dry^ benzene are poured over

5 grams of purified rubber, and the following day a rapid stream of nitrous

add is conducted into the swollen mixture. After standing for 24 hours, the

precipitated product becomes soft and a sample obtained by filtering a por-

tion of the solution is soluble in ethyl acetate. The entire precipitate is then
pressed, washed with benzene, and clried. The product thus obtained is then

dissolved in 50 grams of ethyl acetate, and a stream of nitrous acid is passed
into the solution at ordinary temperatures until the solution is saturated with
the gas. After the reaction mixture has stood for one day, the greater part
of the ethyl acetate is evaporated in vacuo at 30° C., and the residue is poured
into about 400 cc. of absolute ether. When using this method, Harries al-

ways obtained the same preparation from the most diverse rubber samples.

A product reprecipitated three times from ethyl acetate with ether, accord-
ing to the process described above, gave the following analytical figures :

Calcd. for (CxoH,sN.,Or)x : C = 41.52; H = 5.19
;

N = 14.35

Found: C = 41.65, 40.56; H = 5.71, 5.58; N = 14.38

“Ben, 35, 3261, 3263, 4429 (1902).
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}Ji»Ieciilar \vei,i»1it determinations, by the Laiidsberger method, gave a value

of 5rd, while the calculated value for the formula fCioHi^NaOT'lo is 578.

TIiLMltvcmipcoilion point of the pure nitrosite C lies between and 160° C.

It is a vdlow powder which is easily soluble in ethyl acetate and acetone, but

is not ’soluble in alkali without decomposition. With sodium alcoholate it

luriiis a s^ilid sodiiini salt, wltich is not converted into the original material

by acidincalio.!!. Xitrosite C readily reduces Fehling’s solution. According

to a method pr^jpnsed by Harries, this substance can be used for the quan-

titative determination of the rubber in commercial mixtures. The applica-

bility of tliis method to the quantitative determination of rubber has lieen the

subject for lively discussions, and the procedure originally proposed by

Harrie- has suffered numerous changes Iw others. The lengthy nitrosite

riietliofi was never permanently adojited as a standard in the technical analvsis

of rub] ter. t 16 ,r details of the method .svc p. 354.')

The previously described nitro compound of Weber (CioHigNo04 )x, pos-

se>ses properties very similar to those of the nitrosite C of Harries.

I'eiidler and .\Iexander suggested that the reaction products of rubber

with nitrogen dioxide and nitrogen trioxicle, respectiveh% are probably iden-

tical, The sy>tematic investigations of Harries elucidated the relationship.

He ffsiunl th.at the nitro compound, when prepared with nitrogen dio.xide,

accordjhig to A\’eber'> <lirectiuns, is veiw .similar in properties to the product

o]aaine<I by WTlier « CiuH^gXTO-i )x- d'be analytical results do not agree

with his formula, however, in spite of the greatest care in following the di-

rcctirnis of Weber. It can be shown that the action of nitrogen dioxide on a

snlutit'ii ot rubber firoceeds in two stages. The product, immediately after

it> j)reparation, is alnn»>t insoluble in ethyl acetate, alcohol, acetone, and chln-

rnfonr.. When dry, it ft wins a gtdden-yellow powder which begins to de-

compose at 9Ch C. .-Analytical results agreeing with the composition of this

prodinct could n. it be obtained by Harries. If the substance is left in contact

witli T]:e reaction mixture for one hour after preci]3itation it becomes com-
pletely soluble in ethyl acetate and acetone, and then possesses the properties

r!escri]»ed: by WUntr. reprecipitating this nitrosite from an acetone solii-

tirm with benzene, Harries succeeded in raising its decomposition point to

that correspjondiiig to nitrosite C. An elementary analysis, however, indicates

nitrosite C, rather than a substance of the formula (CioHigN204 )x-

Considerable analogy exists between the reaction products of nitrogen

trioxide and nitrogen dioxide on rubber. It is very probable that the final

products in both cases are identical : namely, Harries’ nitrosite C. When pure
nitrogen dioxide is used, however, it is more difficult to prepare homogeneous
substances of constant composition repeatedly. Harries originally be-

lieved that a third nitrosite, namely nitrosite B, was present in the mixture.
1 lie evidence for the existence of this substance was based on erroneous con-

clusions and it must therefore be deleted from the literature. *

P. Alexander, in the course of his investigation, obtained results which
contradicted those obtained by Harries. Alexander believed that there is

present in the reaction product resulting from the action of nitrous acid on

rubber, a nitrosite of the formula (CoHi.NoOg)^. The properties of this

substance are in agreement with those of the nitrosite C of Harries. Its'

iirr. phiirm. Ges,, 15, 31 (1904);
18, S29, S4S {1904).

GufnmGZi^!.^ IS, 789. St*7 also Ber,,
ISl Cl 905 'i; Z. aii‘jeii\ Chem., IS, 164

(1905); 20, 1355 (1907).

38, S7 (1905).

Harries, ‘‘Untersuchuogfen ,
” p. 30.
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decomposition point, according to Alexander/^s between 90"^ and 100° C.

He demonstrated that carbon dioxide was liberated in the preparation of the

iiitrosite,
and believed therefore that be had obtained sufficient proof for his

fonmila' The average results of his anal3^ses are as follows:

Calcd. for (Q,H,.N.O.O v : C, 44.30; H, 5.37; N, 11.78
Found: C, 44.20; H, 4.92; N, 11.47

It is to be emphasized that Alexander worked tinder experimental conditions

differing from those employed l)y Harries. Alexander’s starting material

was not chemically purified rulilier, and he did not purify the reaction prod-

uct by reprecipitation. This explains the different analytical values and the

lower decomposition point of Alexander’s product. Harries showed quan-

titatively that when carbon dioxide is eliminated, the loss in carbon never

exceeds 0.4 per cent of the total weight of the carbon in the nitro compound.

If the elimination of carbon dioxide had taken place according to the equation

= Cg . .

.

+ COo the loss would have been almost 9 per cent. Re-

cently, F. Emden investigated the action of nitrogen dioxide on rubber,

and despite great care in conducting the reaction in the cold, could not obtain

a simple addition product. He olitained a nitrosite which contains more
oxygen than Harries’ compound, and which corresponds to the formula

(CioHicNoOg)x. Nitrogen dioxide, therefore, acts as an oxidizing agent.

This action is not surprising in view of the relation of its constitution to that

of ozone.

Gorgas* [B^r.^ 63 , 2700 (1930); Chou. Abstracts, 25 , 2328 (1931 )J, repeated the

work of previous investigators on the action of tlie oxides of nitrogen on rul)ber. He
used total rubber carefully purified according to the metliod of Pummerer and Pahl, and
took special precautions to purify the oxides of nitrogen. Pie found contrary to the

uther investigators that no homogeneous substances could he obtained by the action of

the oxides of nitrogen on rubber, and that a definite formula could not be assigned to the

product of the reaction. The reaction of rubber with nitrogen tetroxide was conducted
in carbon tetrachloride solution at 0 ° C. One part of a one per cent solution of rubber

in carbon tetrachloride was added to five parts of a solution of N 2O 4 in CCh. When the

reaction was allowed to proceed for 15 minutes, the resulting product had a composition

corresponding only approximately to the formula C7H 10N 2 O.-.. Longer time of reaction

gave a product the analysis of which indicated partial oxidation.

The reaction of rubber with nitric oxide was also studied. A 0.3 per cent solution of

rubber in CCh at 20° C. was treated for 4 hours with a stream of NO gas. The product
was insoluble in acetone and benzene but soluble in aniline and nitrobenzene. Analysis
of the product indicated extensive oxidation.

It is stated that a product containing no nitrogen can be obtained by allowing rubber to

react with dilute nitric acid to which urea has been added in order to prevent the forma-
tion of nitrous acid.

Harries attempted to decompose nitrosite C, in order to obtain proof
for the constitution of the nitrosite. He oxidized the nitrosite with a two
per cent permanganate solution and obtained principally oxalic acid and suc-

cinic acid.

With warm nitric acid of specific gravity 1.4, Harries again obtained oxalic

acid as the decomposition product and a light yellow oil as a by-product.
This oil is readily soluble in water. Silver nitrate precipitates a difficultly

soluble silver salt. Harries considers the oil to be an aliphatic nitro-acid. No
definite conclusions about the constitution of nitrosite C could be drawm by
Harries from the results of the oxidative decomposition.

Gummi-Ztg., 21, 727 (1907); also 25, 1109 Ber., 58, 2524 (1925).
,»h911). Translator’s Note.

Harries, “Untersuchungen ” P- 41. Ben, 35, 3262 (1902).
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Tile acli' ii* * f cl:l'<nde <'in ruhher in benzene solution is recorded tn- C. u
WeicT H 119(32 >: Dubose and Luttringer, "Rubber, Its Pro'diictiuiV

p. 179, (iriffin Co., London, 1918 ]. He treated a ben-
with isu-amyhiitrite and acetyl chloride and found that afte’-

•olutinn had set to a gel. Harries, { Abderhalden, "Handbuch der
sirsethodenT p. 147, part 10, No. 1, chapter on "Rubber and Lichens"

!>\'
, pa>sed nitrosyl chloride into a benzene solution of rubber and ob-

te which ointained the calculated quantity of nitrogen and chlorine
the addition product of rubber with nitrosyl chloride. The additior

accurdini* to Harries, was partially oxidized by nitrous oxides contained in tlir*

nitrioyl chloride.

Nitrhsobexzexe axd other Aromatic Nitroso Compounds

G, Bruni and E. Ceiger have recently resumed the earlier experiments
of Aiigeli, Alessaiidri and Pegnad^^ of Alessandri and of Brunid^^ and
have investigated the action of aromatic nitroso compounds on rub])er, with

.5j.

work with nitrosobenzene led only to a substance of the formula
Recently, it was established that for every isoprene group in

the molecule, one nitroso group enters the molecule. Actually, however
tlMee nioleeiiles of the nitroso compound react with each C.-.Hs group when the
benzene soliitiun of riibl)er is warmed for 15 minutes with the reagent. The
green scdutioii gradually turns yellow and finally brownish red. After cool-
ing the solution and pouring it into petroleum ether, a substance of the com-
l^sition, (CiiHiiOXis, separates in the form of yellow flakes, havincr a
lec sitiv.n point of 135°-140^ C. Ninety-four to ninety-eight per cent
ot the theoretical yield is obtained. One nitrosobenzene molecule has there-
lure reacted with a Q.Hc group with the evolution of 2 atoms of hydrogen.
The h\'drogen reduces a second molecule of nitrosobenzene to phenythv-
druxylaniine, winch reacts with a third molecule of nitrosobenzene to*o-ive
azuxyiienzeiie. This was isolated from the mother liquor. The resultin-j
riililier derivative is considered a nitrone of isorubber.

^

-CH.™C = CH-CH.- + 3C;H,NO~>

CH ™ C

H,C

CH
C —CH=— C.H,-,— N =

N' = 0 b

— CH=— C— C— CH,-
!l 1

H.,C N = O

GH,
The nitrone reacts with bromine to g^ve a dibromide, showing that the nitrone
contains one double Iwnd for each C^Hs group. X-ray analysis shows that
ruliber nitrone is an amorphous substance. The nitrone can also be prepared
bv allowing a pyridine solution of nitrosobenzene to act upon latex diluted
uitii p}ridine. The product thus prepared diflFers slightly in solubility from

*_^Trans!atorX Note.
Atti acmd. Lmcei, (6), S, 823 (1927): Kau
sehMk, 3, 350 ( 1927 ).

^Atii accad. Lincei, (5), 19, I, 650 (1910)
Chem. lestr., 81, II, 302 (1910).

accad. Lincei, (5), 24, I, 62 (1915);
Chem. Zentr., 86, I, 1210 (1915).
Atti accad. Lined, (5), 30, I, 337 (1921);
Chem. Zentr., 93, II, 2S9 0922).

^^'See also Chem. Reviezvs, 7, 107 (1930).
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nitrone prepared by the other method. Analyses of this substance are

not recorded.

Reactions were also carried out with ortho-, meta-, and para-nitrosotoluene

and with ethyl ortho-nitrosobenzoate and other nitroso bases, but nitroso-

nhenol does not react with rubber. The corresponding acid of the ethyl

ortho-nitrosobenzoate addition product was prepared by saponification of the

ester addition product. The solution of the acid exhibits colloidal properties.

Phenylhydrazine reacts with the nitrone of rubber by displacing the nitro-

subenzene group and forming a phenylhydrazone derivative of rubber. The
nhenylhydrazone derivative is prolmbly produced from the ketone of rubber

icaoutchone). Further investigation of these derivatives should lead to

aminorubber and to the introduction of a ketone group in the rubber molecule.

Pummerer and W. Glindel used the nitrosobenzene reaction to deter-

mine possible differences in the individual rubber fractions. In the course

of their investigation they established conclusively that one nitrosobenzene

molecule enters into reaction with one isoprene group. In the reaction of

rubber with nitrosobenzene, it is difficult to prevent the absorption of a small

amount of oxygen. This always occurs when the usual directions of Bruni

and Geiger for the preparation of nitroso compounds (heating for fifteen

minutes on the water bath) are followed. The reaction with nitrosobenzene

is best conducted by working with a cold concentrated benzene solution of

rubber. Under these conditions, it is noticeable that the original highly

viscous solution becomes thinly fluid in a short time (20 to 30 minutes). The
reaction conducted in an atmosphere of carl)on dioxide, requires about one
to two days, depending on the temperature. The yellow reaction product is

precipitated with petroleum ether, filtered, washed with petroleum ether,

and dried (with exclusion of air) in a high vacuum. In view of the notice-

able change in viscosity, it was somewhat questionable whether the rubber
nitrone possessed the highly colloidal nature mentioned by previous investi-

gators. Pummerer and Glindel therefore determined the molecular weight

of the nitrone in benzene and in nitrobenzene. These determinations showed
that the rubber nitrone possesses an average molecular weight of 1200 to 1400,

The nitrone, as in the case of rubber, is probably a mixture of closely related

substances. On an average, eight isoprene groups are combined with eight

molecules of nitrosobenzene, which gives a nitrone molecule having a mo-
lecular weight of 1384. The molecular weight of the nitrone, therefore, does
not point to a very large rubber molecule. In this connection, it is interesting

to note that the nitrone of gutta-percha is composed, on an average, of 6
isoprene groups plus 6 nitrosobenzene groups.^®*

It is noteworthy that analytically pure rubber nitrone prepared by the

method of Pummerer and Glindel is completely soluble in benzene. The fact

that the solubility in benzene decreases oh aging, recalls the solubility changes
of rubber on storing. The slightly oxidized nitrones of rubber which are
usually produced during the reaction of rubber with nitrosobenzene and are
always formed when the mixture is heated, contain portions which are in-

soluble in benzene from the beginning. The oxidized nitrones are completely
soluble in nitrobenzene, however, and in this solvent have an average molecu-
lar weight of 1200 to 1400. The molecular weight cannot be determined
immediately after the last of the solid has dissolved, or else values 1000 to

61, 1591 (1928).

*^Pamiiierer and EC. Brunswig, unpublished;

see also Star.d’njrer and Joseph, Ber,, 63,
2898 Chem. Tech., 4, 198
(1931).
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2COj hi^^lier than thu<c given above may be obtained, which are probably due
lu incomplete solntiuii of the micelles. After one to two hours, the chaiio-e is

Cfinipkce in all cases, an<I the linal state may be regarded as a molec^ular

dii.vpersion.

TeTKAXITKOMETHAX E

Tetraiiitrnnielhane, acc r-hng to A. Werner and J. Ostromisleiisky

serves as a reagent fur the determination of olefinic double bonds, since it

gives yellfjw unstable addition products with unsaturated hydrocarbons.
f’liinnierer and Pali! showed that the formation of a yellow compound

can be observed when solid rubber is added to pure tetranitromethane. If the

reaction is carried cait in hexahydrotolueiie solution, the reaction mixture
liiwt tiin:s yellow. After five or six days (at C.) the solution is decolor-

ized* and an almnst colorless or only faintly yellow or pink stable addition

Ijroduct separates. It does not lose tetranitromethane, even when dried in a

high vaciiiini fur six hours at 60^ C. The tetranitromethane is apparently

!>uiind tu the rubber Iw primary valences. The tetranitromethanate probably
has tile fiTowing furniiila :

C—(NOd. 0-N:0

it i- possiijle that the nitro groups through their auxiliary valences, block

t.aher double bonds of the rubber molecule. It is peculiar that here for the

first time not all of the double bonds of the rubber molecule react with a

reagent for «jlefiii cluiible bunds. One tetranitromethane molecule reacts with

every 4 h isoprene groups if tlie reaction is carried out at 0^ C. in hexahy-
drt »t<shiene. All analytical results thus far obtained indicate that the tetrani-

trunietliaiie and not nitrrgen oxides have com]3ined with the rul)ber.

if one of the usual commercial varieties of crude rubber, such as crepe or

smoked sheets, or aikali-|)urifed rubber, is used, a ratio of 1 to 5 for

letraiiitruinethaiie to Cr.H* is ulitainecl. It is remarkable how widely the ratio

vanes with ditterent varieties of ruljber, and even with the same rubber when
solutions of rubber uf ditterent concentrations are used in the preparation
of the terranitromethanate. Even colloidal chemical factors such as the pre-

vious history of the solution of rtiliber seem to have an influence. In several

cases where concentrated solutions of pure rubber had originally been pre-

pared, tetranitromethanates of total rubber were obtained which gave higher

ratios for the addition of tetranitromethane to CsHg groups, namely 1 to 4.

The tetranitromethanate when suspended in an inert solvent, still decolorizes

brcmiiiie. The yields of the tetranitromethanate correspond to 90 to 95 per

cent c»f the theoretical amount.^ *-

^

The tetranitromethanates prepared at C. are fine powders, insoluble in

ail of the common organic solvents in the cold, and are non-crystalline, ac-

cording to the x-ray work of Dr. Rosbaud. When the substance is heated
to 150° C. in a tube it begins to turn yellow, l)ecomes brown at 175° C, and
finally carbonizes. On a copper block, it explodes at 160° to 170° C For
this reason copper oxide mixture is always used in the analysis of the coni-

42, 4524 ( 1909 ). Ber., 60, 2152 (1927); Rubber Chem. Tech.,

Ser,, 43, 197 ( 1910). ^'-H. Palil, Dissertation, Erlangen, 1926.



behavior Of RUBBER TOWARD OXIDIZING AGENTS 207

imtind. The temperature of the reaction between niljber and tetranitrome-

ihaiiecaii be raised to 75^ C. without essentially chang'ing the results. Above
jQo Q, oxides of nitrogen are formed.

Behavior of Rubber Tow'ard Oxidizing Agents

Various Oxidizing Agents

Behavior toward Air

E. Herbst treated solutions of rubber in aromatic hydrocarbons with

air and, after evaporation of the solvent, isolated two distinctly dififerent sub-

stances, which differed from the original material, and to which he ascribed

the formulas CiqHkjO and

Peachy studied the rate of absorption of oxygen by rubber cjuantitatively

liv allowing a measured quantity of pure oxygen gas to react on ru])ber. He
proved that one atom of oxygen is consumed for each Cr.Hg group. He found

that the rate of reaction was 20 to 30 times greater when de-resinihed rubber

was used than when rubber containing the resins was employed. Similar

experiments were carried on by Pummerer and Burkard,^"^ who worked

with rubber which was purified according to the method of Harries. They
showed also that in very dilute hcxahydrotoluene solutions one atom of

oxygen was absorbed for each CnHg group. In very concentrated solutions,

however, the amount of oxygen absorlied was much less.

F. Kirchhof exposed crude rubber to the action of light and air for one

year, and showed that in the oxidation of ruhlier, peroxides were formed.

Peroxides were also formed when thin strips of rublier were suspended in a

3 per cent solution of hydrogen peroxide. Kirchhof considered that these

peroxides were the unstable primary products of oxidation, and that they

were then changed into the final stable product.

Weil showed means of the pyrrole test that levulinic aldehyde, which
was produced by auto-oxidation, was present on the surface of balls of crude

rubber.

Behavior toward Permanganate

It is characteristic of the double bond in the rubber molecule that it reacts

relatively slowly with a solution of permanganate in sodium hydroxide, the

well known reagent for the oxidation of olefin double bonds.

Harries allowed 2 grams of rubber, dissolved in 200 cc. of benzene, to

react with a solution of permanganate containing 3.1 grams of permanganate
in 150 cc. of water. After shaking the mixture continuously for about 30
hours, the permanganate was all consumed. After evaporation of the ben-
zene from the solution, a thick colorless syrup I'emained, the elementary
analysis of which pointed unexpectedly to the unchanged hydrocarbon
T5H8 )x. Only the solubility and the appearance of the fubber were changed,
causing Harries to regard the rubber, which was treated with permanganate,
as being depolymerized. Small quantities of a fatty acid were found in the
water solution. The permanganate which was consumed, therefore, attacked
only a small part of the rubber employed, but oxidized it more thoroughly.

39
, 523 (1906). KoUoid-Z., 13 , 49 (1913).

““at" Harries, “Untersuchunsen " p. 50.

55 , 3465 (1922). Ber., 37 , 2708 (1904).
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iiiilled nihher reacts with permanganate more readily. The
quantity uf consumed in this case is also small in proportion

to the aniou:'.: ad.'.L- i. ‘hhe reaction products are in no way different from
those ohtaiiied hy treating rubber which has not been mechanically worked.

\'an R<js>ein and van Heurn confirmed the results of Harries, and
showed further that the viscosities of solutions of rubber are greatly lowered
by treatment with permanganate.

Riiblier which had been treated with permanganate solution for a long
time, wa^ ozonized by Harries. The ozonides were somewhat more fluid

thtiu th«j>e obtained from normal rubber, and after decomposition of the
ozoiiide, gave a less definite pyrrole test. High-vacuum distillation of rubber
|jrevioiisIy treated with permanganate, added nothing new to the existing

k 111nvledge.

Recently Staudinger resumed work on the oxidation with permanganate
and stated that the rubber hydrocarbon reacted less sluggishly with acid

permanganate solution. The results of these experiments have not been
pi:],l:>!:e'

Rubertsyn and Mair* [/. .S'yi*. Chcm. Ind.,46j 41T (1927) ; see also, Mair and Todd
I. Cheni. 1932, 386] also studied the action uf potassium permanganate solution on
rubber. The products obtained in neutral or alkaline solutions are insoluble in ethvl
alcohol and acetone, and vary from pale yellow, slightly elastic substances, to white
brittle resins, depending on the oxygen content of the product. Among the acidic prod-
ucts of the oxidation are found formic, acetic, oxalic and levulinic acids, and colloidal
resinous substances. They also oxidized rubber with hydrogen peroxide and with chromyl
chloride. The former yielded a prodi:ct of the average composition Csi^HKn-Oie. The
oxidation with chromyl chloride yielded two products, a resin with aldehyde properties,
and Ciittiplex substances containing both chromium and chlorine. The results of the in-

vestigation lead to the conclusion that the rubber molecule is very complex and has a
high molecular weight. The simplest oxidation product contains at least 40 carbon atoms.
In the latest work on the ./xidation ,;f rubber by hydrogen peroxide, Mair and Todd have
obtained a substance, alcoholic in character, corresponding to the empirical formula

Behavior toward Nitric Acid

Concentrated nitric acid attacks rubber energetically, with the formation
of red fumes. If the resulting solution is poured into water, a yellow sub-

stance is precipitated, according to Ditniar.^®- Analyses and molecular weight
dtderni!iiatic::s indicate that the product is probably a dinitro derivative of

dihvdro- or tetrahvdrocumic acid and possesses the formula CioHioKTO,,.
By carefully evaporating the mother liquor, Harries isolated a light yelfow-
ish rsii as the main product of the reaction. From the oil he separated oxalic
acid quantitatively by means of ethyl acetate. The quantity of oxalic acid

produced corresponded to a ratio of two carbon atoms to each CioHie com-
plex.

^

The oiljtseif yielded difificultly soluble yellow silver salts of unknown
constitution. The starting material could be recovered from these salts by
neutralization with hydrochloric acid.

A prcviuct* similar in ap^arance to that obtained by Ditmar was prepared by Terry,
1*^* 11, 970 H892)] who allowed dilute nitric acid to react on sheet
ruiwr lor p period of six weeks. Fisher obtained a different product by allowing nitric
acid to react on a solution of rubber in carbon tetrachloride. A 5 per cent solution of
ruboer and concentrated nitric acid were used and the yield was practically quantitative

Kdhidi'hem. Beihefie, 10, 9 (1918).
Harries, “Uiitersachungen p. SI.

S7, 1204 ( 1924 ), Fimtnute.

35, 1401 Cl 9021.

35, 3265 (1902).
* Translator’s Note.
“-•U. S. Pat. 1,609,806 (1926); and note in

Ind. Eng. Chem., 19, 1333 (1927); Chem.
Reviews, 7, 111 (1930).
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-•ir a substance having the formula (CsHtNO^x. The substance is insoluble in sodium
*

Inflate solution, whereas Ditniar s product is soluble in this reagent. The new sub-

7 g decomposes spontaneously at room temperature and explodes when heated. Fisher

Ifoi the opinion that the product is probably a nitropolycyclo-rubber.

Behavior toward Perbenzoic Acid and Other Peroxides

Punimerer and Burkard studied the action of perbenzoic acid on a solu-

ion of rubber in chloroform. They studied the progress of the reaction by

means of titration, and showed that one atom of oxygen is rapidly absorbed

each CgHs group. The product of the reaction is a white substance, in-

^uliibk in the usual solvents for rubber. The analytical figures correspond

m those calculated for the formula (C5HsO)x.

Weber investigated the oxidation of rubber with chromic acid, perox-

ides, and persulfates. The reaction products are substances soluble in alcohol,

cuiicerning the nature of which nothing further is known.

Recently Boswell allowed^ various oxidizing agents, such as potassium

pennanganate, hydrogen peroxide, and iodine to react on rubber. A 7 per

cent solution of permanganate was shaken for five clays with a 4 per cent

carbon tetrachloride solution of rubber. The results of elementary analyses

uf the oxidation product which was precipitated with methyl alcohol agreed

well with the empirical formula C25H40O. This substance rapidly absorbs

.jxygen from the air and then corresponds to the formaila C25H40O2. Simi-

larly, with hydrogen peroxide, Boswell obtained oxidation products which on
analysis indicated the formulae C30H48O, C26H40O2, and C15H24O. If iodine

was present in the reaction between hydrogen peroxide and rubber, a com-
pound of the formula C25H48O8I was obtained.

On the basis of these experiments, Boswell arrived at a formula containing

multiple ring structures but no double bonds. This view, however, is not

shared by others, for the reaction products of rubber with the halogens and
halogen acids, and especially with perbenzoic acid, clearly show that one

double bond enters into reaction for each CgHs group. These reactions, how-
ever, give no further information about the constitution of rubber. The work
tu the degradation of rubber and of isorubber by ozone, which has been con-

ducted by Harries with great success since 1904
,
has greatly advanced our

knowledge of the constitution of rubber.

The importance* of the role that oxygen plays during the milling of rubber has only
recently been recognized. The idea that the breakdown of rubber during milling is chem-
ical in nature and is caused by oxygen was suggested by Fisher and Gray [Ind. Eng.
ikm., 18, 414--416 (1926)]. They found that milling caused an appreciable number of
double bonds to become saturated and attributed this fact to oxidation.

Fry and Porritt [Trans. Inst. Rubber Ind., 3 ,
203-216 (1927)] showed that the plas-

ticizing effect of milling on rubber can also be produced by oxidizing the rubber with
heat, but without mechanical action.
Park, Carson, and Sebrell [Ind. Eng. Chem., 20 , 478-84 (1928)] found that a perma-

nently softened rubber could be obtained by heating rubber. Grenquist [Ind. Eng. Chepi.,

22, 759-65 (1930)] showed that breakdown analogous to that brought about by milling
cuuld be brought about by heating rubber in air.

Shacklock [Trans. Inst. Rubber Ind., 6, 259 (1930)] showed by means of surface ten-
don niMsurements on rubber solutions, that a new compound was formed from rubber
k milling it in air. He assumed that this compound was formed by oxidation.- He also
flowed [Trans. Inst. Rubber Ind., 7 , 354-65 (1932)] that the acetone extract of masti-
Qted rubber increased during milling. This increase was assumed to be due to oxidation
products of the rubber.

55, 3462 (1922); 62 , 2636 (1930). nr, India Rubber J., 64, 9S1 (1922).
Weber, C. O., “The Chemistry of India Rub-
ber, p. 40, Griffin & Co., London, 1902 .

* Translator’s Note.
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. I 6, 487-515 ( 1931 )] and also Hussc
I

/;«,/. L7u';i;,

J 14..''\4-;
, l''.''i>Vi s!,.n,;c.rl vcrv inclusively that oN.yRcn is necessary tor the plastici.-

7 : V hi er dit'i 1" ntastication'. By milling rubber .n nUrogen the above investigator-

iud *’ t l e ran- o- breakdown was much slower when little or no oxygen va.

,

*-u.t e a
spite _ot tne

‘"'“'^rv Va ’e oxidation products. Busse demonstrated that peroxides_ which are lorme.;

1; Vkl- 'ih n f rVvanirated compounds are also lormed_ during the milling ,,i

'ivi!’;': Tl^.t ,eroxk!es'‘were detected by means of their action on a photographic

O’- rubber which broke down more slowly during milling (spray dne s

W 1-aoM did not uive a plioto.uraphic test tor peroxides. I he intensities „i na-

ian-oxhk- tl-S lere ilirectiy ,rroportk,nal to the ease of breakdown during milbng.

OznxE Dfj'.radatiox of Rubber

H-.rrw-s^"' throit-h his extensive investigations, clarified the mechanism

of the action of ozone on unsaturated hydrocarbons. He showed that one

„ i, -culc of ozone attaches itself to each double bond ot an o efin to give

luallv auKirphous. sometimes explosive, viscous substances ca led ozon.des

m w-arming with water, these substances decompose into aldehydes ana

t ..-o ntUxide or ketones and hvdrogen peroxide, according to whether

the’'carhon atmus ni the ethylene group have hydrogen or alkyl groups

rittacb.ed

, R — t:— c — R'

/ \
0 —0-0

.R — C=0'fR'--C==0

II R"

R — C = C . R __ c c -

/ \
0 - 0-0

R" H R"
HfO i

1

C_R'-^R — C=0 + C = 0

f,::;.)}iidc deco}upositW 7 i products

T’-c hwestiiradons ,,{ Harries on the decomposition of rubber by means oi

ozone.'-"'-’ have greatly extended our knowledge of the chemistry ot rubber.

Preparation of the Ozonide

^\'hcn rubber is to be treated with ozone, it is first allowed to swell in a

solvent which is itself only slightly attacked by the gas For this purpose,

cihvl acetate and chloroform are especially suited, although the latter i

slia'htlv decomposed bv ozone with the formation of phosgene and hydrogen

cliHride. The solution of rubber is then treated with a stream of oxygen

Two different ozonides are produced, depending on the concentration of

ozone in the gas. With oxygen gas containing 6 per cent of ozone, a norma

1 .zonide . C,-,H,0,.o. is formed. If the oxygen contains 12 per cent of ozone

or more there is formed a substance of the formula (CsHsOi))! vnitn

Harries ’termed oxozonide. E. H. Riesenfeld has recently shown tha

oxozone. which Harries denoted by the formula O4 ,
does not exist, me

name oxozonide has, however, been retained.

I,,,-,.--.,.,, 343, .in (1905V. Ber.. 42,
I „ ,gjj (J9I0); Ber., E. H. Riesenfeld and G. il. •"h

is,-9.lF nidn E.'Fonrotert, “Das SS f.f0922U
Ber.. 38, Elektillnel'.

.

29. 11^9 (19231.
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iiormal ozonide of rubber, (C5Hs03)x is obtained by following the

below

grams of rubber are allowed to swell in 120 cc. of chloroform for 24
® 1 r*otTf-ciinincr G -npr -ormrioncUr 'txrocln^irl

The r

iiirectioiis
given

Ten grams of
. . ^ r . , , ,

. ^ 3^ stream of gas containing o per cent of ozone, previously washed

•'^^^^assing through sodium hydroxide and then sulfuric acid, is passed into

mbber solution. The end of the reaction is recognized when a sample no

h]Jer decolorizes bromine. After evaporating the solvent in vacuo, the resi-

de (the yield of the crude ozonide is quantitative) is dissolved in ethyl

"’^^fate and is purified by reprecipitation with petroleum ether. The oily

^(zonide sometimes solidifies in the vacuum desiccator to a glassy mass, and

'n this state is explosive and melts at 50° C. The yield of the pure ozonide

founts to 80 per cent of the theoretical yield. Results of an elementary

analysis agree very well with the formula (C5Hs03 )x.

Calcd. for (CsHsOs).: C, 51.72; H, 6.90

Found: C, 51.66; 51.73; 52.19. H, 7.66; 7.59; 7.16

I

Molecular weight determinations did not give consistent results. Deter-

minations in acetic acid, according to the cryoscopic method, gave values of

230, whereas 232 is the calculated value for the formula (C5H803)2. If

benzene is used as a solvent, the values agree with the formula (C5H803)5;

calculated 580; found 535. Harries considers the value found in benzene

solution as the more likely of the two, and believes that the low value obtained

in acetic acid is the result of the decomposition of the ozonide. For this rea-

son, these determinations no longer have any significance.

The ozonide (C5H804)x is similarly obtained by the use of a current

of unwashed 12 per cent ozone. The yield, after purification, is somewhat

smaller than is obtained with the normal ozonide. The ozonide is also more

readily soluble than the normal ozonide. The product of the reaction is a

thick syrup which, in contrast to the normal ozonide, cannot be made to

snlidify. Since the ozonide decomposes very readily, molecular weight de-

terminations in benzene and acetic acid give even less reliable results. The

analysis agrees with the formula (CsHsOi)^, especially if the treatment with

12 per cent ozone is prolonged.

Calcd. for (CsHhQ-Ox: C, 45.45

Found : C, 46.84
;
46.71

;
45.70.

H,6.06
H, 6.61; 6.58; 6.12

The material used in obtaining the third values resulted from an experiment

in which the treatment with a gas containing a high percentage of ozone was

prolonged.

Harries attempted in vain to regenerate the rubber hydrocarbon from

the ozonide. Experiments which he carried out toward this end with alumi-

num amalgam and zinc dust were completely futile. The ozonide is therefore

best formulated today, according to Staudinger,^^^ by means of bridged oxy^-

gen atoms, assuming an immediate rearrangement of the ozonide to the

iso-ozonide

:

H H H O H

R— 'c— R' R— R'

i-Uo ,i-!?
ozonide iso-ozonide

w Harries, Ber., 37, 2708 (1904); Ber., 38,
199 (1905); Ber., 45 , 936 (1912); Amt.,
395, 232 C1913).

Harries, “Untersuchungen p- 64.

Ber., 58, 1088 (1925).
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exj-lair.s why the rcductiun always yields decomposition products and

.iriyculs the like.

Decomposition of the Ozonides

Jhv rieciiiiiniKitirni with hot water is by far the most important reaction

the rnl.her r'zoni<les. In this way the ozonides are almost quantitatively

decmiii.n>^ed into derivatives of the unit group CsHst, levulinic aldehyde.

It'vtihnic acid, and leviilinic aldehyde peroxide. In addition, small quantities

,.f carhor. dioxide, formic acid and succinic acid are produced. Hydrogen

i.eroxidc formed as a liv-product. The decomposition of the ozonides is

carrh-d nut ; ec- rd.ir.u- to Harries,’®* by boiling the ozonides with a small

'imount of water under a reflux condenser, filtering the solution, and distilling

'ill radio The aldchvdes which are formed in the decomposition are volatile

with <team and are found in the distillate, while levulinic acid and the very

‘-table levulinic aldelivde peroxide remain in the residue. In distinction from

the aliphatic diterpene ozonides, the decomposition does not take place in the

cold upon sliakiiig with water. .... , , , i

\<ide from some hvdrogcn peroxide which is formed by the decomposition

n’ the ozonide, the distillate consists of an aqueous solution of levulinic alde-

hvik- Thi' a’ldehvde, since it possesses the carbonyl groups in the 1,4-

Tiositinn readilv reduces Fehling’s solution and responds to the pyrrole test.

From the structure of the aldehyde it follows that the molecule of rubber

contains a recurring double bond after each fourth carbon atom, as repre-

sented by the following scheme

:

CH-; CH= CHa

.--t.'iL- . CH - Clh_ CH=- C = CH - CH-a - CH= - C = CH - CH-

rubber

CH. H
? (FX

fli'C TT-pb S!tl‘ i I = C — t'H.-- CHa— c = (> 0 = C
li'T'uIiiilc aldelivde-

CHa
1

CHa — CHa — C = 0 etc.

With phenvlhvdniziiie acetate and hydrochloric acid, the levulinic aldehyde

torins a lidit’’ yellow precipitate of ^ phenylmethyldihydropyridazine, which

^ierves to characterize the levulinic aldehyde, and is produced according to

tile following reaction

:

iei^ulimc aldehyde

r'

H
r

/\ Hc/\,HaC C— CHa
J i<

5
1

HC 6 — 2 HaO HC ]

^ /t-O \/
N

o
HsN H

phenylkydrasme phenylmethyldihydropyridazine

37, 2710 C19II4>; Bet., 38, 1200 (1905).
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With hydroxylamine, Harries obtained the dioxime of levulinic aldehyde

: form of well defined crystals, having a melting point after recrystalli-

of about 74° C. Harries prepared the free aldehyde by decomposing

iheozonide with a very small quantity of water. From the resulting very

’onceatrated distillate, the aldehyde could be salted out with potassium car-

liiiiiate.
The boiling point of the free aldehyde as determined by Harries,

Ivas between 66° and 68° C, at 10 mm. pressure. Other volatile aldehydes

Ind ketones were not obtained, according to Harries. Even with very careful

dstillatioii through a fractionating column, no low-boiling constituents were

iibtained.

The residue obtained after evaporating the solution containing the decom-

Trfisition products consists, for the most part, of levulinic acid and levulinic

aldehyde peroxide. The ratio of the quantities of these two substances to the

aldehyde is not constant and varies with the time of action of water on the

i.zonide. If the water is allowed to remain in contact with the ozonide for a

j
hug time, levulinic acid is formed almost exclusively. To isolate the acid,

I the residue from the distillation of the aldehyde is further concentrated by

I evaporation in vacuo, and the remaining syrup is distilled. The levulinic acid

then passes over between 135° and 145° C., at a pressure of 10 mm. The
yield, on the average, is about 35 per cent of the theoretical. To characterize

it Harries prepared the phenylhydrazone derivative having a melting point

of 108° C.

If a minimum amount of water is used in the treatment of the ozonide

and the resulting solution is cooled, crystals of levulinic aldehyde peroxide

separate. The levulinic aldehyde peroxide can be recrystallized from water.

After recrystallization it melts with decomposition at 197° C.

The elementary analysis gave the following values

:

Calcd. for CrHsO. : C, 45.45 H, 6.06

Found: C, 45.42; 45.32 H, 6.26; 6.63

The results of the molecular weight determination in acetic acid were

:

Calcd. for CoHsO., : Mol. Wt., 132 Found: 124

The substance possesses the characteristic properties of a peroxide. It is

explosive, liberates iodine from potassium iodide solution, and decolorizes

indigo solution. It also decolorizes dilute permanganate solution and slowly

reduces ammoniacal silver nitrate solution. It dissolves as a weak acid in

^tdium hydroxide and gives a difficultly soluble silver salt. Since the sub-

stance does not react with phenylhydrazine, Harries considered it a normal
diperoxide of levulinic aldehyde.

CHs— C— CH.-CHo-
/\
0— 0

H

-c—

o

^o

or CHa— C— CH.— CH.— CH
II

o =0 = o o
According to this author, the acidic properties of the peroxide can be traced
to the hydrogen atom attached to the carbonyl* group. This hydrogen atom
can be replaced by a CH 3 group by preparing the silver salt and treating with
methyl iodide.^^^ The resulting compound forms white needles, melting at
102.5° C., soluble in alcohol, benzene, ethyl acetate, and chloroform, and
insoluble in petroleum ether.

Harries, “Untersuchungen
,
” p. 59.
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liy i|iiaiititaljvt*ly the amounts of the cleconipusitiun prudiict.-

liie nzonide, Harries attempted to show that the cleavage of the ozonide

linHliiced mainly the three substances mentioned above. For this purpose,

he treated 5 grams of tlie ozonide with water and obtained the following’

I 2L
Aaitliule 2.3 2JI

Acid
‘

1.0 1.5

Pvroxkle and rw!! 0.7 0.2

I'liclian.iied 0.5 0.5

T'>ta! 4.5 grams 4.2 grams

'rile leviilinic aldehyde formed was determined by treating it with phenvl-

Iiydrazine and weighing the resulting pyridazine derivative. The yield from
5* grams of ozonide is theoretically 4.3 grams of aldehyde, or 5 grams of

levnliiiic acid. Since the method of determining the aldehyde gives an ac-

ciiracv of 80 t*) 90 per cent, Harries' results may ])e considered fairly satis-

factory.

Piimiricrer * has improved the method of decomposing the ozonide of rubber, and ha^
appTijached the goal oi a quantitative cleavage of the ozonide. Ozonizatioii of the rub-

ber is c»»riducted in cliloroft^rm with 3 to 4 per cent ozone. Cleavage of the ozonide b
aconr.phshed :ii moist etiicr through reduction, either catalytically by the actitjn .c'

platinum black and hydrogen or by means of calcium and oxalic acid or aluminuir
ania!,^ain. The total yield of cleavage products based on the carbon skeleton of the riib-

Iwr U'.ecl aintnint^ to 95 per cent. The rubber <»zonide is at first soluble in chloruform,
but after standing depo>its considerable quantities of levulinic acid peroxide (from li

iK' 20 per cent

The two |)cr cent of acetic acid which was found in the cleavage products after reduc-

tion Ml the ozonide may ‘'originate in an end member of the chain. Small quantities rf

acetone were detected in :‘-.v chava.ie fragments but their presence is attributed to an

imp'jritv <' K. Purnrnerer, G. Ebermaver and K. Gerlach, Bcr., 64, 804, 809 (1931)

ab-o. AT’Vr CAvin. Tesh., 4, 381, 386 (1931)].

The results of the decomposition of the oxozonide are essentially the same

as tlmse obtained with the normal ozonide. On decomposition, the latter

yields more aldehyde than acid, while the oxozonide yields more acid than

aldehyrle. This distinction between the two ozonides is increased with the

purity r»! t!:e uzoniues. Harries gives the followdng figures:

1. Ozonide
(Cr.HsO.A.

Ltrvuliidc aidvhydv 4.0

Levulinic acid 3,0

Pemxide and resin 2.2

II. Oxozonide
(CnHsOd.

2.8

4.0

2.2

Total 9.2 grams 9.0 grams

Under item i, 11.6 grams and under item 11, 12.9 grams of the ozonide

were used. In order to investigate the progress of the decomposition of the

ozonide and the products resulting from the decomposition of different

varieties of rubber, Harries used a refined method, and directed his atten-

tion to the study of the time consumed in the decomposition ; that is, the rate

f*f Peermrn-it:-"'::. The refinement consisted in connecting the decomposition
apparar;- al>sorption vessels in which any volatile constituents were

collected. It was possible for Harries, with this improved apparatus, to de-

tect small quantities of carbon monoxide, carbon dioxide, hydrogen, and

oxygen.

Translator’s Xote. Harrie.s, “Untersuchungen , p. 59.
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The water solution containing the products of decomposition was carefully

neutralized with calcium carbonate, and, after filtering, was concentrated in

-dCUO until the residue solidified. The calcium salts of the acids which were

l!iVamed in the residue were quantitatively separated from any aldehyde by

:;iactingwithe^^^^^ (Extract 1.)

'

The distillate contains most of the substances which are volatile with steam,

h is saturated with salt, and is then extracted 10 to 20 times with ether.

Extract IT.) Extracts I and II are then united and, in the case of natural

nibber, contain pure levulinic aldehyde.
'

The calcium salts, containing an average amount of 19 per cent calcium,

rre carefully decomposed with sulfuric acid and the free acids are quantita-

•ivelv extracted with ether. On evaporating the ether extracts, the main

liiaiitity of the acid remains in the residue. With natural rubber, Harries

Wnd, in addition to small quantities of formic acid and succinic acid, mainly

ievulinic acid and occasionally levulinic aldehyde peroxide. The best yields

obtained by Harries [expressed as per cent of (C.^HOxl were: 32.94 per

cent of crude levulinic aldehyde, 44.1 per cent levulinic acid, 0.56 per cent

fiirmic acid, 0.7 per cent succinic acid; the losses were greater than 20 per

cent, frequently greater than 30 per cent (see p. 236).

The determination of the rate of decomposition of the ozonide, which is

especially valuable in the comparison of artificial with natural rubber, was
investigated by Harries.’*^^*'^ He suspended molecular cpiantities, usually 0.05

mol of the ozonide of normal ru])ber, in water and gravimetrically compared

the amounts decomposed in unit time. The a]:>paratus used by Harries

consisted of a flask connected to a reflux condenser and heated in a glycerol

iiath at a temperature of 120® to 125® C. In Figure 47 are given the decom-
position curves of various natural and artificial varieties of rubl)er. The
ordinates represent quantities of ozonide decomposed in grams, and the

abscissas corresponding time intervals in minutes.

The decomposition of the ozonide with bromine takes place in the same
manner as with water. In this case brominated decomposition products are

formed, namely, dibromolevulinic acid and tribromolevulinic aldehyde. If

the ozonide is treated in the cold with excess bromine, copious quantities of

crystals of dibromolevulinic acid, having a melting point of 114° C., separate

after 24 hours. If the ozonide is allowed to stand for 48 hours, with an
t'xcess of bromine, in the absence of moisture there results a reddish-yellow

oil which was identified by Harries as tribromolevulinic aldehyde.

After the conclusion of this work, the results of which were so simple yet

<0 important for the determination of the constitution of rubber, Harries
proposed an eight-membered ring formula for the fundamental unit of the

rubber hydrocarbon,

ca— c CH — CH.
I

Ica— CH = c — ca
Ica

tbe 1,5-dimethylcyclo-octadiene.

Harries. “Untersuchunsen nn. Harries, Danzig lecture, see “Uiitersuchun-
62, 116. jren

,
» p. 222.

41 , 3553 (1908). 200 jj^j-ries, “Untersuchungen ” P- 65.
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f3.2

Ihe highly colloidal form of rubber, according to Harries' view, is there-
fore profiuced by tlie coupling of a great number of such fundamental units
by means of secondary valences. The formula readily explains the formation
of the ozone degradation products and the addition reactions of the halogens
and halogen acids. The formula was generally accepted, when Harries com-
piared the ozonide of synthetic butadiene rubber (see p. 260) with the ozoiiide
of i,5-cycIo-octadiene prepared by Willstater, and found that all of their
properties and even their rates of decomposition with water, were very
>imilar. Ihe problem of determining the constitution of rubber seemed to

l>e solved.

Ihis conclusion was, however, false. In 1907 Harries himself pointed

CH3

tint that the constant^ recurrence of the group— CHo — C= CH— CH. —
lisopentene group) in a large ring structure, composed of four or more

Hurries, Danzig gtiidress.
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I'suprene groups, was also in accord with his results on the ozone degradation.

\ very different viewpoint was developed by Pickles,-"^ who suggested a ring

Wure composed of many isopentene groups. In 1914 Harries himself

abandoned the cyclo-octadiene formula as a result of his investigations on

the
decomposition of the ozonide of alpha-isoruhh

Alpha-isorubber and Its Degradation by Ozone

It has already been pointed out (p. 199; that the ruljber hydrocarbon may
be converted into rubber isomers by the elimination of hydrogen chloride

from the rubber hydrochloride. Harries termed these transformation prod-

ucts isorubbers. The preparation of fl//)/ia-isorubber takes place according

lu Harries as follows :

—

1.2 to 1.4 kilograms of rubber are allowed to stand in 100 liters of benzene for several

weeks. The resulting solution is then siphoned off and poured into an equal volume of

alcohol to precipitate the rubber. One kilogram of this product is then suspended in

alKJut 20 liters of chloroform and a stream of gaseous hydrogen chloride is led into the

cooled solution until it is saturated with the gas. When the resulting chloroform solu-

tion is poured into an equal volume of alcohol, the hydrochloride is formed as a white

crumbly mass in a yield of 90 to 95 per cent of the theoretical amount. Small pieces of

the hydrochloride together with seven times its weight of anhydrous pyridine are then

placed in an autoclave provided with a stirrer^ and the mixture while being efficiently

stirred is heated in an oil bath at 125° to^ 145° C., for 24 hours. After this operation,

the regenerated rubber is purified by^ washing it first with water and then boiling it for

biie hour under a reflux condenser with a 60 per cent solution of acetic acid. An after-

treatment with water on the mill completes the purification process. The results of the

analysis of alpha-isoruhher agree very well with the formula (CsHAx.

Calcd. for (C5H8 )x: C, 88.15; H, 11.85; Cl, —
Found: C, 88.06; H, 11.30; Cl, 0.32

The a//>/ztJ!-isoru])lDer cannot be obtained free from chlorine. The amount
Ilf chlorine which cannot be removed varies between 0.3 and 1 per cent. The
yield, based on the crude rubber used, is at least 50 per cent. The properties

iif the alpha-isornhher are described by Harries in the following manner

:

"The sheeted rubber can only be distinguished from good Para rubber by an
expert. The toughness is not quite the same. Vulcanization tests have shown
that the preparation readily combines with sulfur, but that the vulcanizate

has only slight tensile strength (al^out like that of commercial alkali reclaim),

^othat in this form it possesses no practical worth.’’

Various derivatives have been prepared from alpha-isovnhher.^^^ The
hydrochloride is formed in the same way as the corresponding addition prod-
uct of the normal rubber and does not differ from the latter in composition.
The yields of the hydrochlorides are the same in both cases. Solid hydro-
halides are also formed by the action of hydrogen bromide and of hydrogen
iodide on alpha-isoTubhev. The tetrabromide is formed, as in the case of
normal rubber. The tetrabromide of a//>/ia-isorubber is, however, less stable

than that of normal rubber and loses hydrobromic acid more readily on re-

precipitation. Nitrous acid, after prolonged action on the alpha-hovuhhtr

,

forms a product soluble in ethyl acetate ; a shorter reaction time produces an
insoluble yellow powder, the analysis of which differs considerably from that
of “nitrosite C.”

Calcd. for (nitrosite C): C, 41.52: H, 5.20; N, 14.53

Found: C, 44.88: H, 5.50; N, 12.21

Jfi. Chem. Soc., 97, 1085 (1910). i,,

“Untersuchungen p. 78.
Harries, “Untersuchungen p. ' 77, Ger. Pat., 267,277, 267,993.
also Ben, 46, 733 (1913). 2oe q. Lichtenberg, Ann., 406, 227 (1914),
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1lic ^triictiire p^jssessed by {iZ/’/ui-isorubber differs from that of normal

riiblier by a partial displacement of the double bonds. This structural dif-

ference \vas first elucidated by ozonizing the a//>/iu-isorubber and decomposing

the ozouide. The decomposition curve for the ozonide of a//>Aa-isorubber

was essentially differeiit from that for the ozonide of normal rubber. The
ppjfliicts of decniiiposition contained ketones possessing eleven and fifteen

carbon atuiiis. These ketones were not found among the decomposition prod-

uct- of the f»ziiiiide of crude rubber by Harries.

Tile ozoiiization was carried out according to the directions of Harries,-*'"

in a manner similar to that employed with rubber. The current of oxygen

gas, which coiitaiiied 8 to 10 per cent of ozone, was washed twice and was

ilien led into the ethyl acetate or chloroform solution of the alp/ia~isonibber.

The ozonide (Cr.H-Oais ^ras reprecipitated three times from ethyl acetate

with petroleum ether, and was then obtained as a white solid mass. The
analysis was as follows :

—

Calcd. for (C^HsOajx: C, 51.70; H, 6.95;

Found: C, 51.67: H, 7.36

it is remarkable that in the decomposition of the ozonide with water, resins

to the extent of 30 per cent are formed. The resulting acids are separated

from the ketones and aldehydes by preparing the calcium salts with calcium

carbonate. The ketone mixture after the separation was fractionated w
z'di'uo at 0.3 mm. pressure. Part of the acids were distilled in the free state,

and part after converting them to esters. In this way, Harries succeeded

in isolating a number of substances, which are listed in the following table;

ilW g. of isonibber yielded the theoretical amount of the ozonide, 1706
rr
ti *

. . .

A lively evolution of gas takes place in the decomposition of the ozonide

with water. The gases identified by Harries are given in the table under a.

a. ^ laset.'US ; Percent

1. Oxygen 0.068

2. Carbun dioxide 0.845

3. Carbon niunu.xide 0.183

4. Hydrocarbons 0.044

fc Hydrogen peroxide 1.04

c. T’ta! aldehydes :i::d ketones 35.25

Fract'; n I— C.
1. Levuiinic aldehyde, about 9.0

2. Diacetylpropane. 8.7

3. llethylcyclohexenone
1 Quantity not determined)

Fraction II—150° C.

^4. Triketone, CnHis^Os 0.9

Fraction I and II also contained levuiinic acid.

Fraction 111—250° C.
5. Tetraketone, Ci:iHiM04 0.6

6 . Oil, not identified, boiling point 220° to 260° C 8.29

7. Resinous residue 9.3

Brr., 40, 733 is present is unknown. According to the analr-
* Harries. ‘•Untersucliisngeii C p. 99; sis of the hydrochloride (O. Lichtenberg.
Ann., 406, 226 (1914). Ann., 406, 227 fl914]) the double bonds of

It IS impossible to determine the number of isorubber are not diminished in number by
double tends in the isorubber from its oacygen cycKzation.
content, since the Quantity of oxozonide which Based on the quantity of rubber used.
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d. Total acids 88.5

Fraction A
1. Formic acid, about 1S.3

Fraction B
2. Levulinic acid, about 12.0

3. Succinic acid, about 1.5

Fraction C
4. Hydrochelidonic acid 1.7

Fraction D
5. Ester of methyl-carboxylic acid-cyclohexenone 1.7

Fraction E
6. Other esters of higher-boiling non-identified acids 20.0

7. Resinous residue 6.4

8. Loss 26.9

e. Water-insoluble resin resulting from the decomposition of

the ozonide by water 31.0

Aldehyde and Ketone Fraction. The aldehyde and ketone mixture is

alight brown viscous liquid. The distillation of the mixture in high vacuum
^ives the substances listed under C. The appearance of levulinic acid in

fraction I and II is noteworthy. This acid was pro1)a]jly present as the

peroxide when the acids were separated by means of calcium carbonate and

was later converted to levulinic acid.

The diacetylpropane of fraction I boils at 96.5*^ to 97^ C. at a pressure of

10 mm. The elementary analysis gave the following values :

Calcd. for (CTHr.O.) : C, 65.60; H, 9.40; Found: C, 65.54; H, 9.61

value of 132 was obtained for the molecular weight, while the theoretical

value for the above formula is 128. The molecular refraction was found to

lie 34.6; theoretically the value is 34.55. The substance was identified as

fliacetylpropane by preparing several derivatives of which the crystalline

dioxinie is especially suitable. In alkaline solution, the diacetylpropane melt-

ing at 87° C can easily be converted to methylcyclohexenone, which was also

found in fraction II.

The principal constituent of fraction II, on the basis of an elementary

analysis and a molecular weight determination, possesses the formula CiiHis0.s
and is a triketone :

Calcd. for : C, 66.7; H, 9.1

Found: C, 66.96; 67.32 ; 67.03; 66.69;

H, 9.33; 9.32; 9.34; 9.62

Molecular weight : Calculated, 196. Found, 196, 197. The triketone has a

melting point of 93° to 94^ C., and is difficultly soluble in ether and petroleum
ether

;
more readily soluble in alcohol, benzene, and ethyl acetate, and very

readily soluble in water.
According to its chemical behavior, the product can be classified as a tri-

ketone. A trioxime is formed with hydroxylamine
;
a trisemicarbazone with

semicarbazide. Chemically the substance is similar to diacetylpropane, and
Harries therefore regards it as a homologue of this substance. When heated
with alkali the triketone undergoes a double inner condensation with a loss
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wo no*leciiles <»f water. Harries formulates this process as follow's:

Frum fractic»n Hi Harries could isolate a tetraketoiie, having* a melting

prniit of 123^' C. An elementary analysis and a molecular weight determina-

tion gave the following values

:

Calcfl. fnrG.H.,0.: C 67.10; H, 8.90

Found : C, 66.66 ; H, 8.86

Mnleciilar weight: calculated, 268. Found, 269.

The tetraketuiie possesses almost the same properties and solubilities as the

triketone. The tetraketone is more difficultly soluble in the solvents mentioned

in connection with tlie triketone. With hydroxylamine it forms a tetroxiine

which has a melting point fwitli frothing) when recrystallized from acetic

acid of 112"^ to 113' C. The analytical values of the tetroxime correspond

to the formula A lack of material prevented further investi-

gation of this substance.

Acid Fraction. If the acids which have been liberated from the calcium

-alt- are directly fii-tilled, they are decomposed for the most part. To avoid

tluF. Harries converted them into the methyl esters and could separate them in

tills way.

The relatively large amoiiiit of formic acid in fraction A is noteworthy

since ihh anvnint could not be entirely formed from a terminal group at the

end of the chain, which would have to be the case if the open-chain formula

for rubber is assimied.

Fraction B contains nearly pure methyl ester of levulinic acid, the hydra-

zeme of which melts at 105^ to 106^ C. At times small quantities of succinic

acid were found in this fraction.

PTactioii C melted at 60° C. and according to an elementary analysis was

the methyl ester of hydrochelidonic acid.

Caied. for CsHmOs: C, 53.5; H, 6.9

Found: C, 53.32; H, 6.85.

A product prepared synthetically for purposes of comparison was identical

with the above.

An imsatiirated ester of a cyclic ketonic acid was isolated from Fraction

D, by means of phenylhydrazine. This ester was probably formed as the

result of an inner condensation of an ester of a diketonic acid. From the

results of the analysis, the compound is apparently the phenylhydrazone of

the methyl ester of l-inethyl-2-methanecarboxylic acid-2-cyclohexenone.

Cakd. for ; C, 70.60 ; H, 7.30 ;
N, 10.30

Found: C, 70.81; H, 7.20; N, 10.68
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From the higher boiling fraction no definite crystalline products could be

obtained.

Beta-Isorubber

With hydrochloric acid, a hydrochloride can also be prepared from alpha-

isorubber. If hydrochloric acid is eliminated from this product by means of

pyridine under pressure, a 44 per cent yield of the Z^c/'a-isorubber is obtained

as a violet-black elastic product.-^^ This isorubber is more readily soluble

than normal rubber in the usual solvents for rubber and can only be precipi-

tated with difficulty from a benzene solution by means of alcohol. The ele-

mentary analysis gave the following values.

Calcd. for (CoH8)x: C, 88.15; H, 11.85; Cl,

Found: C, 88.31; H, 11.82; Cl, 0.03.

If a solution of this substance in ethyl acetate is treated with a rapid stream

of unwashed ozone, a quantitative yield of the yellow oily ozonide is produced.

Calcd. for (CMhO,).: C, 51.70; H, 7.01

Found: C, 49.75; H, 6.95

Harries investigated the decomposition products of this ozonide in a man-
ner analogous to that described under a//?/m-i scrubber. It is not worth while to

consider the results further, since they led to no new view^s on the constitution

of rubber.

The hydrochloride, bromide, and nitrosite of b^/a-isorubber were prepared
by Harries. The hydrochloride is a brown powder which begins to decompose
at 140° C. and is completely decomposed at 185*° C. The analytical results

recorded by Harries do not agree very well with the formula (C5HsHCl)x.
The analyses of the bromide and nitrosite derivatives indicate that they are
not definite substances. This is not surprising, since the crude rubber itself

a mixture which has become more complex by repeatedly forming the

hydrochloride and regenerating the original rubber.

Theoretical Deductions from the Ozone Degradation

From the investigations on the degradation of alpha-isovnhhtr, Harries
was able to draw conclusions of importance in connection with the chemistry
of the rubber hydrocarbon. Previously the chemical behavior of rubber
could very well be explained by the assumption of the 1,5-dimethylcyclo-
octadiene formula. The formation of levulinic acid and levulinic aldehyde
can readily be explained by an eight-membered ring formula. If displace-

Harries, “Untersiichungen p. 23. 212 «»-(jntersuchungen p. 100.
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niriit of th^ double Injiids in the eight-niembered ring' formula is assumed,

then the tuniiation (U* djacetylpropaiie can also be explained. The decompo-

sition products containing ll' and 15 carbon atoms, the tri- and tetraketune<

respectivelv, can no Irmger he explained on the basis of this formula. To
iustify the presence of the ketones, Harries proposed an extended ring

f< irniiila

:

CHu

H.C-C = CH — CH.

: y X

H.C CH = C— CH
I

CH3

The dotted lines represent additional isoprene groups, the number of which

is not fixed. In 1914, Harries considered a ring formula consisting of four

or live isi^prene groups as the most probable, since the formation of all the

decomposition products could be explained by such a formula. The alpha-

iMirubber might possess the following formula, if hydrogen chloride is split

ott bu the removal of a hydrogen atom other than the hydrogen atom added:

Clh CH,

C = CH — CH.— CH.— C - CH. -

CH.

CH.

CH
V,,

c— CH:— CH: — CH: — C—CH
/

CH. CH:

'Fhis substance would yield the following decomposition products

:

1 mol of leviilinic aldelpvde (or levulinic acid), 1 mol of triketone and 1 mol

of hydroclielidooic add, 2 mols of formic acid or formaldehyde. The fol-

lowing formula for tz/f/zu-isorubber would explain the formation of the tetra-

ketone

:

-CH: — CH

r

ll

C — CHs

1

I

CH.—CH,

CH, CH,

CH~C = CH — CH,— CH =C— CH,— CH,— CH,

CH: c = CH,

CH = C — CH, — CH,— CH,— C— CH,— CH,— CH,

CH, CH,

The formation of cyclic hydrocarbons which are built up symmetrically
from isoprene groups is easily explained if this conjugated system reacts at

the terminal groups.



OZONE DEGRADATION OF RUBBER 223

CHa

CH2 = C CH -CHa

I

CHa

CHa

CHa— C = CH — CHa

CHa— CH = C — CH2

I

CHa

The carbon linking in the 1,4 position is then obtained. The original double

];(jnds disappear and the inactive double bonds of the isoprene molecules (ac»

curding to Thiele) become actual double bonds in the new ring system. In

the simplest case, dimethylcyclo-octadiene would result. greater num-
ber of isoprene groups could also be combined in a cyclic manner, accord-

ing to this scheme. Only levulinic aldehyde or levulinic acid would be

formed by the ozone degradation of such ring systems, but from the decompo-

sition it would be impossible to determine the number of isoprene groups

united in a closed-chain in the molecule. It is also possible, however, that iso-

prene polymerizes in other ways, e.g., to produce an open-chain polymer. It

could be assumed that an isoprene molecule adds the components of a second

molecule,

CHs
I

^ H and 4- CH — C— CH = CH.

in the 1,4-position according to the following scheme:

CHa

CH. = C CH = CH.

H CH = C— CH = CH.
I

CH.

An open-chain dimer with three double bonds would then be formed.

CHa CHa

CH3^C = CH— CHa— CH=:C — CH = CH.

Such a compound (an aliphatic terpene) on ozonization would yield entirely

different decomposition products, namely, from left to right : acetone, malonic
di-aldehyde (which is always destroyed by ozone, according to Harries),
methylglyoxal and formaldehyde. If additional isoprene groups are attached
in the same manner to the conjugated system at the 1,4-position to produce
a longer chain, then aliphatic hydrocarbons would always result, which on
decomposition with ozone should form, among other products, acetone and

'^Derivatives of such ''‘open-chain’^ terpenes
with 2 to 4 isoprene members occur in nature
and have recently been investigated by Ru-

zicka. The alcohol phytol of chlorophyll

(C20 ) and the carotinoids are genetically

related to such teri^enes through hydrogena-
tion or dehydrogenation.
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nic^thylglyoxal for succinic acidi. Harries expressly sought to obtain these

substances l)y cniidiictiiig ozonization experiments with one-half kilogram

of niliher. hut never found them, despite the very good methods available for

their fietection. For this reason, he does not incline to the open-chain type

rubber formula which was first proposed by Weber and which has 're-

ceiiilv assumed greater importance through the work of Staudinger and

I^ritschi.

The Hydrogenation of Rubber

Significance of Hydroc.enation in the Determination of the
Constitution of Rubber

to the results obtained in studying the addition to rubber of the

halogens, halogen acids, and ozone, the hydrogenation of rubber should re-

sult in the additiem of two hydrogen atoms for each CgHg group in the mole-

cule. The preparation of liydrorubber was important because it should have

furnished important evidence regarding the size of the rubber molecule. If

Harries were correct in his assumption that rubber consists of a relatively

small cyclic f)areiit molecule of four or five isoprene groups united reversibly

by means of residual valences to form the complex “aggregate” of natural

ruljher. then it* was to he expected that after saturating the double bond, the

tendency toward aggregation would disappear, and a molecular weight de-

teriiiina'tinn could be made. Again, distillation of a saturated hydrocarbon

yf high molecular weight in high vacuum promised far better results than

tlie distillation of an iinsaturated hydrocarbon. Harries, in his book “Un-
tersucliungen fiber die natfirlichen und kiinstlichen Kautschukarten,” ex-

presses himself as follows: “The hydrorubber could probably be distilled in

liigh vaciuiiii, and in this way its constitution could be determined.”

The importance of this reaction was early recognized, and many experi-

ments on the hydrogenation of rubber were performed. Berthelot heated

rubber, as well as coal and many other organic substances, with concentrated

hydriodic acid in a bomb tulje, and obtained a mixture of high-boiling paraf-

fins.

Catalytic Hydrogenation According to the Method of
Staudinger and Fritschi

The rubber molecule behaves singularly in its great resistance toward mild

hydrogenation with platinum black, according to the method of Fokin-

\\lllstatter. Xeither Harries nor Hinrichsen and Kempf succeeded

in liriiiging about saturation of the rubber with hydrogen according to this

method. The catalytic hydrogenation of rubber was accomplished by

Staudinger and Fritschi, and simultaneously by Pummerer and Burkard, in

the year 1922.-^® Staudinger and Fritschi accomplished the addition of

hydrogen to rubber by using a high temperature and a hydrogen pressure of

about 100 atmospheres. They placed the rubber, previously melted and

mixed with platinum ‘oiack. in a rotating autoclave, without the addition of

solvent, and attained complete hydrogenation in 10 hours at 270° C. and a

35, 3256 (1902). sis C/. Harries, Ber., 56, 1050 (1922).
Bmilj&c. cUm., f 21, 11, 33 (1869). ^ Helv, Chim. Acta, 5, 785 (1922); see also

Harries. **Unte’'«!i!chnr;fe!;i p. 48. Stawdinger, Brunner, and Geiger, ibid., 13,

45, 2106 1368 (1930).
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pressure of 92 atmospheres. Tire niljber, which was originally brown, had

become light in color and was stable toward bromine. The elastic prop-

erties of the natural rubber were entirely absent in Staudinger’s hydrorubber.

The product was soluble in benzene, chloroform, and ether, and insoluble

ill alcohol and acetone. The elementary analysis gave the following values

:

Calcd. for (CsHkOx: C, 85.71; H, 14.38;

Found : C, 85.75
;
85.69

;
85.97. H, 14.58 ; 14.45 ; 13.97.

At that time, its molecular weight in benzene was too high to be detenu ined.

For the further investigation of the nature of the hydrorubber, Stauclinger and

Fritschi subjected the substance to distillation at a pressure of one milli-

meter. The hydrorubber was decomposed in this operation into a series of

iinsaturated hydrocarbon compounds. The temperature necessary to ac-

complish this was about 50° C. higher than is necessary with normal rubber,

and was between 350° and 390° C. The fore fraction (I), which was col-

lected in a receiver cooled to — 80° C., amounted to 6.7 per cent
;
the residue

in the flask was equal to 0.6 per cent of the rubber. By fractional distillation

at four millimeters pressure, the crude distillate was separated into six frac-

tions {See Table 4)

.

Table 4,—High Vacuum Distillation of 1 1ydronihhcr by Staudingcr and t'rifSL'lii.

B.p. Yield in

Fraction "C. per cent Mol. ^

Collected in a

I receiver cooled 6.7 —
to -80

II 55—75 10.1 —
III 75—150 6.1 —
IV 150—220 16.9 210
V 220—270 17.6 —
VI 270—315 22.3 600

VII 315—320 24.3 700

Residue — 0.67 —

The individual fractions contained unsaturated hydrocarbons. The high-

est-boiling portion was found in fraction VIL The boiling point of this

fraction on repeated distillation was found to be 268° to 275° C. at 0.014

millimeters pressure. According to the analysis and the molecular weight

determination, the product is a long-chain olefin, CsoHioo-

Calcd. for (Cr.Hxo)x: C, 85.71; H, 14.28

Found: C, 86.08; 86.22; H, 14.13; 14.02

The molecular weight was determined in benzene.

Calcd. for mol. wt. 700. Found; 698, 693, 684.

Recently, Stauclinger has given the molecular weight of the largest mem-
ter resulting from the decomposition as QoHgo- The product reacts with

bromine, and titration with this reagent points to one double bond for the

complex, C4oHgo. The remaining fractions contain unsaturated hydrocarbons
of lower molecular weight with 45, 30 and 15 carbon atoms. In the lowest-

boiling portion there is present a pentene, methylethylethylene. The pyro-

^Kautschuk, 1, Sept. 1 (1925). Recently CesHiao, Kmitschuk, 5, 96 (1929).
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genetic ui hydrurubber is formtdated as follows by Staudinger

and !'rit>ch!

:

CH. CHa
.

CHa CHa

---CH.CH CH.-^CH.CH.CH CHu-^CH.CH.CH CH,CH.CH. CH CH. -i- CH..

CHa

^_CH.C=CH.-CHaCH.C=CH. +CHaCH.CH < i.CHaC = '

I'rom the size of the decomposition products resulting from the distillation

ni liydroriiliber, they concluded that the rubber molecule is composed of at

h.ast 16 isuprene groups i corresponding to 2 times QoHgo) and probably

contains hundreds of isoprene groups linked together to form a long open-

chain strucuire.

Catalytic Hvdrogexatiox According to the AIethod of
PuMMERER, BuRKARD AND KoCH

With sensitive natural products, such as the terpenes and rubber, it is

nccessarv tu carry out reactions which serve the purpose of determining the

constitution, under the mildest conditions available. Conclusions regarding

tlie constitution of the original rubber molecule are no longer possible after

the rubljer has lieen treated according to the drastic hydrogenation method
Staudinger at 270^ C. Staudinger himself found that in the absence of

hy !r tc::. rubber is changed to a resinous, benzene-insoluble substance at

2.7‘j C. According to Staudinger, this latter reaction is almost entirely al>

.'ent when the hydrogenaticjii is systematically controlled. His latest results

Mil the cutiiparison of the refraction of hydrorubbers prepared by variou>

urncesses show that his hydrogenation method at 270^ C. does not give a

>atis factor}' liydroriibber."-^ For the determination of the constitution, it

essential that the liydrogenatioii be conducted at a temperature at which

tile rubber molecule suiters no damage. Simultaneously with Staudinger'b

wr»rk, Ihimiiierer and Burkard showed that the hydrogenation of rubber

in very dilute solutions (0.2 to 0.6 per cent in hexahydrotoluene) can be ac-

complished at 80” C. "with platinum black and hydrogen. The reaction pro-

ceeds more slowly in the cold. The hydrogenation was further improved bv

Piiminerer and Kocli--^ by using a large excess of platinum black, and rul)-

ber which was very carefully purified by fractional precipitation. Extreme
purity and large dilution of the rubber are essential for success.--^

The platiiiiim black was added in small portions. After each addition, the

reaction was allowed to cease before the next portion was added. The volume

of hydrogren consumed was read from measuring cylinders. A 0.9 per

cent solution of purified rubber, in hexahydrotoluene, was used for the hydro-

’’ E. Gener. Dissenatiun, Zurich; aXo compare ^ Ber.. 55, 3458 (1922).
Heh\ Chim. Acta, 7, S44 (1924), Footnote 2. ^ Amu, 438 , 303 (1924).
In the di''‘^ertaiion of Geiger is described a Cf. also the German patent application of

coraHned_ hydro_genation process in which the Oct. S. 1923, by Siemens & Halske A. G. («.

reaction is carried out in very dilute solution, 560 49 IV/39h, 1), which originated with
at a temperature of 130° to 140= C., at 100 Harries [Ber., 56, 1051 (1923)] and in

atmospheres pressure with nickel as a catalyst, which a catalytic process is described, permit-

JTp-b- con'^ists of nickel hydroxide, ting hydrogenation of dead-milled rubber in

.\: .. ‘.ep^r^sited on a carrier (25 percent an atitoclave at ordinary temperature. Har-

.W ’UT 'j A" weight h One part of catalyst to ries, in another place, attacks scientific con*

niif part of rubber is used. Col-)alt also seems elusions drawn from the results of hydro-
to give satisfactory results. genation conducted at 270® C.
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„enation. The purified rubber used was obtained by repeated fractional

precipitation and was completely soluble in ether and hexahydrotoluene.

The volume of hydrogen consumed during hydrogenation was not a meas-

ure of the amount absorbed by the rubber, since an excess of platinum black

u-as used (nearly 10 parts of platinum black, to one part of rubber). The
hvdronibber, when freed from the platinum black, was a transparent, white,

'-ough mass, and possessed a tendency toward crystallization.^ss xhe sides of

•j,e“flask were covered with hydrorubber. This hydrorubber, when free

from the solvent, exhibited individual dendritic forms and tabular elastic

crystals which unfortunately could not be isolated. The hydrorubber did not

react with bromine or alkaline permanganate solution.

Analysis, Calcd. for (CoHui)x; C, 85.63; H, 14.37
Found: C, 85.78; H, 13.95

Distillation in high vacuum yielded further information about the substance.

At 354° C. and 1.5 mm. hydrogen pressure (the capillary tube was supplied

with hydrogen), the hydrorubber distilled with very little indication of de-

composition,^^*^ The distillate was light yellow in color and possessed an odor,

flue to decomposition products, similar to that of limonene. The distillate was
puritied by dissolving it in boiling acetone, from which an odorless and color-

less oily substance deposited on cooling. This substance was completely

stable toward bromine and permanganate. The elementary analysis and the

determination of the average molecular weight in camphor, by Rast’s method,

cjave the following values :

Calcd. for (C:.H.„).v: C, 85.63; H, 14.37

Calcd. for C5oHm2 : C, 85.38; H, 14.62

Found : C, 85.40
;
H, 14.52

Calcd. for C5«Hio2: mol. wt, 702; Found: 714

It is impossible to distinguish between the compound of formula CsuHipo
I monocyclic) and that of the formula C!3oHio 2 . It is noteworthy that the

hydrorubber prepared with the aid of heat corresponds closely to the formula
tC5Hio)x, while the hydrorubber prepared in the cold contains 0.3 to 0.4

per cent less hydrogen. The above distillate obtained from hydrorubber
also shows the higher hydrogen values corresponding to the formula (

C

5Hio)x-

Either partial cyclization accompanies the hydrogenation in the cold {see

page 228) or else the hydrorubber contains ring systems which, on heating, are

split off as unsaturated hydrocarbons from the principal chain, which re-

mains saturated.

The distillate is a very viscous, colorless mass, which is soluble in hot

acetone and in ether, chloroform, and hydrocarbons, in the cold. The sub-

stance is, without doubt, a saturated hydrocarbon. The hydrogenation of

rubber in the cold was recently reinvestigated by Pummerer and Hilde Niel-

sen.--'^ The results of Pummerer and Koch were essentially confirmed.

^Crystallized rubber (^see p. 168) as well as
this hydrorubber was obtained from thorough-
ly masticated sheet rubber. No tendency to-
ward crystallization was observed with hydro-
rubber

^
prepared from rubber obtained from

ammonia-pi'eserved latex.

^Sttkelv. Chim. Acta, 13 , 1355 (1930); Rub-
ber Chem. Tech., S, 131 (1932).

2167 (1927) and dissertation of H.
JNielsen. Erlangen, 1926. The question of the
susceptibility of hydi-orubber toward air was
reinvestigated. Pummerer and Burkard main-
tamed that the susceptibility was due to the
presence of platinum. This statement was con-

firmed by Harries, Bcr., 56, 1050 (1923), but
was questioned by Staudinger, Ber., 57, 1207
(1923). It is certain that hydrorubber which
is completely free from platinum is not sensi-

tive to air at room temperature.
_
However, the

crude product of the hydrogenation in the cold,

containing colloidal platinum In small quan-
tities, is affected by the oxygen of the air, ac-

cording to recent experience of H. Nielsen.

A dehydrogenation of rubber does not take
place, but more probably absorption of oxygen.
Platinum recovered from the hydrogenation is

rich in hydrogen. Perhaps local autoxidations

take place, which also involve the hydrorubber
at elevated temperatures.
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However, ftii distillation under a pressure of 1 mm. (MacLeod-manumeteri
a distillate was obtained havii\^ an average molecular weight of 1250 ( acetone-

Nuliilile portion) to 15fJ) I'dihicultl}' acetone-soluble portion). Similar and
even lower values v/ere observed with crude undistilled hydrorubber and
liydrocycloriibl)er, which was boiled only with acetone to remove oxygen-

cuniaiiiirig ir.r r.rities. The hydrocarbon C3UH102 might well be a decomposition

pruduct of h h-- r:;; ber, since the latter does not begin to distil until a teiii-

perature of about 380^ C is reached. If the hydrocarbon CsoHi^. were
Hriginally present, it should begin to distil at a lower temperature. Per-

il vclruiycopiii, which has recently been prepared by P. Karrer and R. Wid-
and which, like hydrorubber, is probably built up according to the

isopentane system, has the formula C40H82 and boils at 238° to 240° C. at 0.03

null. It is even possible that hydrocarbons having a molecular weight of

12X^^ to 15,000 could constitute the more volatile portions of hydrorubher.

Since the distillation never proceeds entirely without decomposition, this

assun lUtion has not been confirmed.

Staudinger and A, Peter recognized the usefulness of the hydrogenation

method in dilute solution, but still used high pressures (60 atmospheres).

This condition is essential, since the velocity of reaction is thereby increased

while the danger of side reactions f cyclization) and incomplete reaction is

liininished. While Staudinger and Fritschi originally reported that the

niulecular weight of the hydrorubher prepared according to their process at

270 C. was too high to be determined, Staudinger in 1926 reported values

tr«nii 3,0CX) to 10,000, and more recently, 3,000 to 5,000,-^^ all values being

measured in benzene. In determining the later values, the investigators were

pruhably working with hydrorubher prepared in dilute solution by the milder

meth.od of hydrogenation. The fact that platinum black, during hydrogena-
tiMii, activated not only hydrogen but also the double bond is evident from
in-dizatimi phenomena ( see “Abnormal Hydrogenation,’’ p. 229). Polymeri-

zation reactions may, therefore, also accompany hydrogenation.-^^ Molecular
weight determinations of hydrorubher in benzene give values from 2,000

tt3 4,000 higher than those in camphor. With hydrocarbons of such high

lUideciilar weight, association may easily be the cause of the difference.

Karrer and Rosmer, for example, obtained a value of 845 for the molecular

weight of perliydrolycopin in bromoform, and a value of 525 (or 565) in

benzene. In this case we are dealing with a smaller molecule, but the value

for the molecular weight in benzene is obviousl}^ the correct one.

Staudinger explains the results of the hydrogenation otherwise. He does

!ii>t attempt to deduce the molecular weight of rubber from a molecular weight

of 3,000 to 5,000 for hydrorubher, but believes that degradation occurs dur-

ing hydrogenation.-^^ The drastic method of hydrogenation at 270° C. niav

possibly involve degradation, but it is improbable that degradation takes

place when the milder method of hydrogenation is employed. Analogous
instances do not exist in which aliphatic hydrocarbons are decomposed dur-

ing mild hydrogenation. The possibility of degradation, as a side reaction

of hydrogenation, can not be excluded any more than the possibility of

synthesis. However, it is probable according to all present knowlecige, that

in the conversion of rubber to hydrorubber no change in the structure of the

carbon chain takes place.

Zf Ckim. Art&, 11,751 served polymerization reactions when using
:^Ber„ 57. 1207 (1924). aluminum amalgam.
hi This conception is in accord with the bypothe-

T »*"»*• *^^* sis that the rubber molecule can dissociate,
K kiafeii, w.iirkmg with carotinoids, even ob* mentioned on jjage 18S.
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In a series of articles Staudingcr and his co-workers* [H. Staudinger and J. Senior
Helv.Chint. Acta, 13 ,

1321 (1930) ;
H. Staudinger, ibid., 13

, 1324 (1930) ; H. Staud-
I'nger E, Geiger, E. Huber, W. Schaal and A. Schwalbach, ibid., 13

, 1334 (1930) * H
faudinger and R. Nodzu, ibid., 13

, 1350 (1930) ;
H. Staudinger and W. Schaai //nV

'

13 1355 (1930) ;
H. Staudinger and W. Feisst, ibid., 13

, 1361 (1930) ; H. Staudinger’
M^Brunner and E. Geiger, ibid., 13 , 1368 (1930) ; see also Rubber Chon. Tech., 4, 365!

^4 532,534 (1931) ;
5 , 131, 136, 141 (1932)] have greatly extended our knowledge on

hvdrorubber. Rubber was hydrogenated with phosphorus and hydriodic acid at 240° to

C Partial cracking and cyclization of the rubber molecule accompanied hydrogena-
don. and completely saturated hydrocarbons were formed.

If rubber is heated without a solvent, and at the same time very rapidly hydrogenated.
Iiemi-colloidal hydrorubber results. The hydrogenation rate with various catalysts was
Studied at 275° to 280° C. under 100 atmospheres pressure. Ni, Co, Pt, Fe, and Cu
catalysts were used. Molecular weight determinations by cryoscopic methods and viscos-

ity measurements agreed well and gave values from 1,600 to 10,000.

A hydrorubber with a molecular weight of 14,000, when fractionally precipitated from
ether solutions by alcohol gave fractions ranging in molecular weight from 5,000 to

21 .000 .

Hydrorubbers of high molecular weights (31,000) were obtained by hydrogenating

sol- and gel-rubber in methylcyclohexane with platinum as catalyst.

The hydrogenation of methylrubber at high temperatures was also studied.

Abnormal Hydrogenation

Ptimnierer and Koch,^'"^^ in 1924, pointed out that rubber is hydrogenated

in an abnormal way with platinum Idack and hydrogen, resulting in the forma-
tion of a saturated hydrocarbon (obviously accompanied by partial cycliza-

tion) which has absorbed only one-half the expected amount of hydrogen.

Such partially hydrogenated, partially cyclic products are frequently

formed.-®^ Finall}^ some cases occur in which only the double bonds disap-

pear, and no hydrogenation takes place by the action of platinum black and
hydrogen. Analogous results have not been obtained by using platinum

hiack and nitrogen. It has not been definitely shown that the removal of

the double bonds is always due to cyclization, as Staudinger assumes, and
that the reaction is therefore mono-molecular. Polymerization reactions such

as di- or poly-molecular reactions, are also probable. Pummerer and Nielsen

observed values of 2000 for the average molecular weight of a sample of

rubber which was prepared according to the above process, with platinum
and hydrogen, and was almost completely cyclicized.-^®

The conditions under which abnormal and normal hydrogenation take

place, and under which cyclization results, cannot be determined from our
present knowledge, and probably depend upon the catalyst,, the sample of

rubber, its previous history, and its impurities. All of the methods for the

hydrogenation of rubber, disregarding the method involving the severe reac-

tion at 270° C., are unreliable and leave much to be desired. Hydrorubber is

a highly viscous paraffin hydrocarbon, and as such may perhaps have com-
mercial possibilities. The same may be said of many hydrocyclorubbers
which melt at low temperatures and which are similar to Bakelite in that they
are not attacked by chemical reagents.

Homologs of Hydrorubber

Staudinger and Widmer^®'^ have prepared homologs of hydrorubber by
treating rubber hydrobromide with zinc dialkyl compounds. Methyl-ethyl

* Tmaslator’s Note. Pummerer and Nielsen, Ber., 60, 2171 (1927).

^ . 236 Nielsen, Dissertation, p. 33.
4m, 438, 310 (1924). Helv. Chim. Acta, 7, 842 (1924).
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liydrMriihher caiiiiut be prepared readily and in an analytically pure state,

-.nice partial liljeratiun uf the halogen acid also takes place and probably

CHiidiiivatiuii also occurs. The alkyl hydroriibbers give very viscous colloidal

-nhitioii- and, as paralTiii hydrocarbons, are stable toward nitric acid and
'

' They do not lower the freezing* point of benzene. Replace-

iiieiit of zinc alkyl cuiiipounds ])y alkyl magnesium halides gives a different

rtsult, and |)rodiices unsatiirated hydrocarbons. An experimental effort

tfiward cs diverting rubber hydro-iodide into hydrorubber by means of the

niagntoiiiin compound gave negative results.

'iTiiiiethvlaniine reacts with rubber hydrohalides in the same manner a?

does tlie (dVigiiarc! c'-nryounrl. with the formation of unsaturated derivatives^

> regeneration of nn/ er i^ ruboer). On the other hand, Staudinger suc-

ceeded in preparing water-soluble saturated phosphonium salts from rubber

liydroliromide, by means of trialkylphosphine. These salts give highly col-

loidal water solutions such as are formed with soaps and many dyestiilts.

Tlie molecular weight can in no case be deduced from the colloidal nature,

Niiice the colloidal properties of substances are strongly influenced by their

constitutiftn i compare the nieta derivatives of the benzidine series in the case

of the substantive azo dyes).

Molecular Size and Constitution of Rubber

General

The deterininatioii of the constitution of the colloidal rubber hydrocarbon

is primarily of theoretical interest. The study of the naturally occurring

>ii!jstance< of high molecular weight, which play such an important pari

in animal and plant life, has in the last decade become a favored field

ijt exploration in organic chemistry, colloid chemistry, and x-ray chemis-

try. Altlioiigh rubber is a complex substance, it is constructed according tc

a relatively -imple plan, and the constitutional relations are less involved than

ill die case of cellulose, starch, or proteins. The investigation of rubber may
answer such fundamental questions as to whether the size, the form, or the

unsatiirated character of a molecule (residual valences and van der Waal’s

forces ! , determine the colloidal properties of a substance. The possible

causes of the colloidal properties of a molecule are of the greatest interest in

determining its constitution, because they are little understood, and few cor-

related experiments are recorded concerning them. A sharp distinction be-

tween the structural chemistry and the colloidal chemistry of rubber is not

yet possible, and the investigation of the constitution of rubber should aim

to explain the structure of the colloid chemical micelles.

Organic substances which form lyophilic colloid solutions are divided into

two main groups : the true colloids and the association colloids. Typical

true colloids (also called eiicolloids by Staudinger) include substances such

as proteins, which have an established molecular weight^ of about 16,000

(hemoglobin) and which give colloidal solutions in all solvents suitable for

the investigations. With hemoglobin, there is a stoichiometrical indication

of the molecular size, since each molecule having a molecular weight of 16,0CD

contains one atom of iron (which certainly belongs to the molecule and is

not an impurity). With other proteins which do not contain such a readily

iJeterminable stoichiometrical equivalent, the question of molecular size is
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difficult to answer. If in the decomposition of a protein a certain amino

acid is produced to the extent of 1 per cent, this value may be accepted as

In equivalent, if it is certain that it does not result from an impurity. It is

always difficult to avoid the formation of amino acids from impurities when
flealing with non-crystalline substances which may be mixtures.

The^ stoichiometrical molecular weight determination from the equivalent

fails with non-crystalline substances. There remain then only the physical

methods, such as the measurement of osmotic pressure, diffusion velocity,

‘lialysis, and the use of the ultra-centrifuge. The ultra-centrifuge, devised

iiy The Svedberg,^^® has given especially valuable results in his hands. He
his found, in hemoglobin solutions, particles having a molecular weight of

33,000 (Thus containing two iron atoms), of 66,000 (the main part), and of

oq’oOO. Egg albumin also gave a value of 33,000. In spite of the simple

numerical ratio (1 :2:3) by which the hemoglol)in particles are related to one

another and to the value 16,000, he regards them as molecules and not as

micelles.

H. R. Kruyt^^® who spent years in the investigation of lyophilic colloid

solutions, assumes that in agar and gelatin solutions, there exist micelles

which in turn are built up of bundles of molecules and solvent.

In the determination of the molecular weight (or better still, “mean par-

ticle size”) by physical methods, values are frequently obtained which are

characteristic for the substance in the particular solvent. ' A determined par-

licle size is dependent not only upon the actual particle size, but also upon the

formation of micelles from the molecules. The molecules combine with each

iither or with the solvent to form a colloid chemical unit, the micelle. The
number of particles decreases with micelle formation (association). The
fjuestion of micelle formation, and the average number of molecules which
form a micelle, becomes important in dealing with the second group of col-

loids which, in contrast to the eucolloids, are best designated as “association

colloids.” To this class belong the soaps and the so-called substantive 'azo

dyes of the benzidine series. In these substances there are present relatively

small molecules containing 16 to 40 carbon atoms, which could be called

“unit” or “parent^' molecules. In certain solvents, for example water,

micelles are formed by association of many of these unit molecules and ions.

In other solvents, molecular dispersion takes place, and the unit molecule can

then be identified by osmotic methods. It would therefore be futile to attempt

to determine the molecular size of fatty acids by means of cryoscopic meas-
urements in water. Experiments must be undertaken in many solvents (ex-

cluding of course those which decompose the substance) and the smallest

value found is then taken as the size of the unit molecule.

Determination of the Average Particle Size of Rubber in Solution

At the present time there is a lively debate as to whether rubber and the

polysaccharides are to be considered true colloids (eucolloids) or association

colloids. This has not been a purely academic discussion, for the opposing
views serve as working hypotheses, which have led to many important results

on both sides of the question. It has therefore been a fruitful battle of
c^inion, as should always be the case in natural science.

®The Svedberg and B. Sjorgren, J. Am, Chem. Kolloidchem. Beihefte, 28 , 1 (1928).
50, 3318 (1928).
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By Cryoscopic Methods

llie view that rubber is an association colloid was first proposed by C
Harries, who sought to explain upon this basis the variations in solubility and

plasticity which occur according to the method of preparation of the rubber.

* Cf. lii> “Modifications’' on p. 163. )
He could not conclusively state the size

h! the rubber molecule.

Recently, Piiinmerer and his co-workers extended the cryoscopic investi-

gation of rubber to various solvents, seeking to prove experimentally the

hy[MjtIiesis of the relatively small unit molecule. Jointly with H. Nielsen

and \\’. Giiiidel, Piinimerer was able to show that very distinct depressions

uf tiie freezing points were obtained with the cryoscopic method, when rubber

was dissolved in camphor, benzylidine-camphor, or menthol. In the case of

camphor, an average molecular weight of 1200 to 1600 was indicated, when
the pruptnlinii uf riiliher to camphor varied from 1 : 4 to 1 : 20, and when the

determinations were carried out according to Rast’s method (melting-point

determination). Approximately the same particle size was also found for

rubber when tested in menthol ( 2 per cent solution of rubber) in a Beckmann
apparatus. With lower concentrations, unreliable values were obtained.

Since a molecule composed of sixteen isoprene groups has a molecular weight

of 1,088, and one composed of twenty-four isoprene groups has a molecular

weight of 1,536, it follows that rubber in camphor has an average molecular

weight which corresponds to from sixteen to twenty-four isoprene groups.

Gutta-percha, under the same conditions, showed a measurable molecular

weight of about 2,100 for the unit molecule.-^^ Another important observa-

tion was that the solution of rubber in menthol is different from the ordinary

solution of rubber (for example, in benzene) in that no swelling takes place.

Sol-rubber also swells only slightly in benzene and dissolves very rapidly.

Fiimmerer and Nielsen substantiated the measurements carried out on rub-

itself by other experiments with hydrorubber, cyclorubber (sec p. 228),

and hydrocydo-rubber, which gave values of similar magnitude.
Among crycosc<:>pic measurements on other types of rubber may be men-

tioneil tile subsequent work of Bruni and Geiger on the highly colloidal

rubber nitrone described In' Piimmerer and Giindel.-^^ This substance gives

molecular weight values of 1,200 to 1,400 in benzene and in nitrobenzene, the

most commonly used cryoscc»pic solvents. Eight isoprene groups plus eight

nitrosobenzene molecules minus sixteen hydrogen atoms are equivalent to a

molecular weight of 1,384. As in the case of menthol, these cryoscopic nieas-

iiremeiits cannot be made immediately after the disappearance of the solid

substance. One to two hours (five to twelve hours with menthol) elapse

before a constant final value is reached. This time interval is required to

bring akiiit the molecular dispersion of the micelles in the solvent [.fcr

Staiidinger and [i^sepli, Bcr., 63
,
2888, 2900 (1930) ; Rubber CJicin, Tech., 4,

191 (193! I].

Ill this connection it may be mentioned that Harries obtained molecular

weight values of 1,100 to 1,700 for the primary rubber nitrosite A in methyl

acetate. Because of the ease with which this nitrosite is decomposed, no

special importance is attached to these measurements.
Staiidinger raised a series of objections to the molecular weight deter-

H. Brimswii?. “Uber Caittapercha.” Thesis, See p. 2US and Bcr., 61, 1591 (1928).
Erlawgcn. See also H. Kautschstk,
3, 232 (1927 h who reiK.rt'. a value With M. Asano, H. F. Bondy, and R. Signer,
I2mi to IfctlO. Ber., 61, 2575 (1928).



MOLECULAR SIZE AND CONSTITUTION OF RUBBER 233

iriinations of rubber in camphor. In the first place, rubber is decomposed

at ISO'^C. and can catalytically decompose the camphor. Furthermore, an
impurity containing oxygen, which can be separated in high vacuum, is the

cause of the low values for the molecular weight of rubber. These objections

and others have all been refuted.-^^

A more fundamental objection proposed by K. H. Meyer and H. Mark ^^4

needs more serious consideration. They questioned the use of the cryoscopic

method with such colloidal or semi-colloidal systems as have been discussed

above. They emphasized the definite retardation of the velocity of crystalli-

zation of the solvent, and the marked effect of low molecular weight im-
purities which are difficult to remove in the case of a natural product such as

rubber. On the basis of the crystallite lengths which were measured in

stretched rubber (see p. 169), they assumed as probable a principal valence
chain consisting of 75 to 150 isoprene groups (average molecular weight of

about 5000). A great number of chains, adjacent to each other and l)ound
together by lattice forces, produce the crystallite of the stretched rubber,

which assumes the form of a long, narrow tube. From these molecular aggre-
gates, micelles are formed in solution, after swelling and partial disintegra-

tion has occurred.

The objection concerning impurities which has been raised by the above-
mentioned authors and others, in the field of rubber, has also been mentioned
in the case of carbohydrates and proteins. Objections concerning this source
of error do not seem to he justified, at least in the case of rubber. Apparent
molecular weights of 5,000 can be influenced by impurities

; but in order to

produce a depression which would cause an error of 1,000 with a substance
uf infinite molecular weight, 1,000 grams of the substance would have to
contain a gram-molecule of the impurity. Such an error could be caused by
1.8 per cent of water, 4.6 per cent of alcohol, 7.4 per cent of ether, or an
oxygen content of 1.6 per cent, of which more than 0.2 per cent is excluded
by analysis.-^^ Only hydrocarbons would then come into consideration as
impuritieS"-for example, 1.6 per cent methane, 6.8 per cent of isoprene, 13.6
per cent of limonene, 27.2 per cent of a diterpene, etc. Such amounts of vola-
tile hydrocarbons as impurities are excluded by the constancy of weight in

high vacuum at 40^^ to 50® C. Therefore, if criticism is to be directed against
the cryoscopic method, whether because of the high colloidal state of rubber,
gutta-percha, etc., or because of disagreement with the results of the osmotic
pressure method, other points of attack, aside from the presence of impurities,
must be sought.

One such point seems to be the lack of proof that the pure solvent crystal-
lizes in these solutions or fusions and not perhaps solvates which behave
abnormally and which make impossible the application of the laws of osmotic
pressure.-^®

By Osmotic Rise Methods
K. H. Meyer and H. Mark,^^"^ as well as W. A. Caspari,-^® have studied

solutions of rubber in benzene and in chlorobenzene according to the osmotic
nse (capillary rise) method, using earthenware cells as membranes. With
^I’epe rubber (nitrogen content 1.05 per cent) they found particles having

angew. Chem., 42 , 79 (1929).
1939 (1928).

o*'
also Pummerer, Andriessen and Gundel
62, 2635 (1929); Rubber Chem, Tech.

3, 487 (1930).
Pummerer, Kautschuk, 5, 129 (1929).
61 , 1939 (1928).

Chem. Soc., 105, 2139 (1914).
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molecular weights of 346,OCX) to 378,000 in benzene and 186,000 to 264,000 in

dilorobeiizx'iie. The values were somewhat smaller for alkali-purified crepe
riiliijer i X content 0.54 per cent) namely 164,000 in chlorobenzene. Alever
and i\lark consider these values as the micelle weights of the rubber in solu-

tion. H. Kroepelin and W. Brunishagen,^^^ using collodion-coated Soxhlet
ihinibles as membranes, obtained values for the particle size of the same
magnitude as the above, and arrived at the same conception of the particles

as Meyer and Mark. The particles of sol-rubber obtained from acetone-

extracted crepe were found to have molecular weights of 185,000 to 200 000
both at IP C. and at 40^ C
The value of the molecular weight, 3/, was calculated for both temperatures

from the forinula

.1/ = 22.41 (

1

- <1 / )
• —C

(-^-b)p
c

Meyer and XIark calculated the constant, h, of the van der Waal equation as
0.03 to 0.04, explaining it as the actual volume (in 1 liter of solution) of one
gram of the solvated osmotically active substance. Accordingly, one gram
of rubber would combine with '20 to 40 grams of benzene in the solvate.

Kroepelin and Brumsliagen found 0.037 to 0.040 for b ; but they point out
the fact that h is not absolutely constant. The strong solvation which affects

cryoscopic measurements must be regarded as decreasing the amount of avail-

aide solvent, thereby causing too large depressions of the freezing points.

For this reason, the values of 1,200 to 1,600 obtained in camphor bv Pnin-
nierer are more nearly of the order of magnitude of the average value of

5.000 obtained by Clever and IMark from x-ray results. Both of these values
are uncertain. To decide these questions, it is necessary to examine the same
solution l)y liotli the cryoscopic and osmotic pressure methods and thus to

determine more exactly the sources of error in both methods.
According to IMeyer and IMark, as well as Puinmerer, rubber is an associa-

tit»n oToid. The large particles having a molecular weight of 200,000 are

regarded as micelles. In the transformation of rubber to hjdrorubber, hydro-
cyclo-rrJiljer, cydo- rubber,-^® and rubber hydrochloride, the number of car-

bon atoms in the unit molecule remains essentially the same but the tendency
for association no longer exists. For this reason, the hydrorubber solutions

liave a lower viscosity and can be filtered more easily.

A fundamentally i'fferent view is assumed by Staudinger. He thinks it

possible that the rubber molecule itself possesses a molecular weight of the

order of magnitude of 200,(XX}. Hydrogenation and cyclization are, accord-
ing to him, degradation reactions,-''^^ in which the molecular weight decreases
to below^ lO.OTO. (See p. 228.) According to Staudinger the “eucolloid"
rubber gives rise to 'lieniicolloids.'’ His conclusions are based upon extensive
work with polyformaldehyde, polystyrene, and other large polymers. He
regards the viscosity as a rather simple function of the molecular weight.

Bt’r., 61, 2441 fl928>.

» TS.e prepared with platinura and hy-
C. are referred to here.

Irr k,*}. r. by heat is a more complicated
pn>ce‘4s, which njay involve simultaneous re-
actions of burniation, decomposition, and re-
arrangement,

Acc^mriiiig tn Staudinger the addition of hy-
drogen chloride to rubier is accompanied bv
cleavage of the carksn chain (Ms assumption

is based on the lowering of the viscosity as in

the case of hydrogenation, which Pummerer
attributes to the disappearance of the double
bonds). The tendency towards cleavage is due
to the ability of the rubber molecule to dissoci-

ate into radicals {see p. 188 ), according tn

^
^Staudinger.^ In polyformaldehyde, Staudinger assumes
that about 100 formaldehyde molecules are

coupled through oxygen, corresponding to a

mean molecular weight of about 4000.
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Prom the relation between viscosity and molecular weight of the polystyrenes

he draws analogous conclusions regarding the molecular weight of rubber

and gutta-percha, for which he estimates values of about 100,000 and 50,000

respectively. The susceptibility of rubber solutions to heat (^see p. 192) is

also a property of the highly viscous polystyrene (which requires many years

for its formation). Staudinger considers this property characteristic of the

iiiacromolecules. The fractionation of the polystyrenes yielded a series of

polymers ranging from the lower, more soluble hemicolloids, the molecular

weights (in the range of several thousand) of which could be determined in

benzene, to the higher members, which were very viscous and had molecular

weights too large to be determined.^^^

It seems very probable that in the same homologous series of polymers,

the molecular weight can be roughly estimated from the viscosity only if pure

hvdrocarbons are concerned. Impurities containing oxygen or nitrogen have

ail overwhelming influence, however, even if they are present to the extent of

only a few per cent (as in the case of raw rubber). Although it might seem
desirable to draw conclusions regarding the rubber molecule from the work
(til polystyrene, or to deduce the size of the gutta-percha molecule from either

that of rubber or polystyrene, such conclusions based on analogous experi-

ments in different homologous series are nevertheless very unsafe.

In the case of rubber, association or aggregation plays, at most, a sub-

ordinate role according to Staudinger. However, the aging of rubber prepa-

rations, which is also manifested by an increase in the heat (negative) of

>\vellmg {see p. 478), is liest explained as the result of aggregation or

association.

The Chemical Constitution of the Rubber Molecule

The Ozone Reaction

As previously stated, the size of the rubber molecule has not been deter-

mined with certainty by physical methods. This is also true of the numerous
chemical methods w^hich have been tried, although a comprehensive knowl-

edge of the structural principles of the rubber molecule has been developed.

On p. 210, the important results of Harries’ investigations on the ozone
degradation of rubber were discussed. From these results it follows that the

rubber molecule is principally built up by the addition of a number of penta-

dienyl groups

:

CHa

~ C— CH 2— CH^—
since only levulinic aldehyde and levulinic acid (formed by the oxidation of

levulinic aldehyde) can be detected in the products resulting from the deg-

radation with ozone. It also follows that the double bond which can be
determined for each CsHs group in rubber is attached to a methyl-substituted

carbon atom. Therefore, as the above formula for the penta-dienyl unit

shows, the rubber molecule is not formed from branched carbon chains. If

the molecule is formed from isoprene units, it is probable that after polymeri-
zation the remaining double bond is situated between the two central carbon

® Staudinger states that hemicolloids of a mo- styrenes, see Ber., 62 , 241, 263, 442, 2909,
toular weight of 2000 to 10,000 never give 2912 2921 2933 (1929).
highly viscous solutions. Concerning the poly-

’
-
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S wliile till* 1- ancl 4-carlHm atoms serve as connectiiii^- links (

'['hide's

I, 4 as’kiiiinii f :

CHs

CH. = C-9H = CH=

isop7'ene,

independent molecule,

before poiytnerizLiiion.

^CH2-C = CH-CH.-»

isopentene group,

bii'alent, dependent molecule,

after polymerization.

Ill the case of artificial rubber prepared from methylisoprene (2, S-dimethyb

butadiene}, this displacement of the double bond during polymerization car

!)e proved. Since only the ketone, acetonyl-acetone, is formed as a result of

ozoiiulysis of this producr, the double bond, after polymerization, must lie

between tlie methyl-substituted carbon atoms.

These results of Harries on the degradation of rubber by ozone give iin

infurniation about the molecular size of natural rubber or of artificial rubber,

for it is not known how often the penta-dienyl group recurs in the molecule.

Originally Harries assumed that two, later four, and finally six to eight

isopentene groups existed in a large ring structure. An open-chain formula

with a terminal isopreiie group {scc also p. 223) :

:
: 1

:
I

:

1. CHs— C = CH - CH.— CH. — C = CH — CH, — ~ CH = C — CH PH,

(a)

'

(M

ill which the horizontal series of dots indicates an indeterminate number of

i-openteiie groups, was early assumed by Weber and later adopted by Staud-

iiiger.-’*^ Harries rejected this formula because the terminal groups of such

mi open-chain molecule should yield acetone by cleavage at (a) and methvl-

glyoxal tw cleavage at (b) in the decomposition of its ozonide (at the points

marked by vertical dots). These substances, which can be readily recognized.

Were never found among the decomposition products. It should be empha-

sized here that the highest yield of definite decomposition products obtained

by Harries never exceeded 70 per cent of the theoretical quantity. This

yield is too low to exclude arbitrarily the presence of any such terminal

iiieinbers.“’“‘’ The presence of acetone is easily determined both qualitatively

and quantitatively,-”'^ but small quantities of methylglyoxal could more readily

escape detection.

It is possible to formulate an open chain in which no acetone need be

formed

:

CHa CHs CHa

! I. CH,— CH = C— CH,— CH,— CH = C— CH,— — CH = CH — C = CH,

(a) (b)

Acetaldehyde (or acetic acid) would be produced from the terminal group

r« Ststidir.cer nr.d Fritschi, Heh. Chim. Acta, mained from the ozonization, and 10.5 grams

5, 7^5 of resin resulted from the decompo.sitioK of the

ozonide (“Untersuchungen p. 116).

^ His concluding experiment with 330 grams of Pummerer ami Gerlach were able to detect

raw rubber gave S3 grams of levulinic aide- traces of acetone (about 0.1%) in sol-rubber

hyde and 248 grams of levulinic acid. “Unat- by the reaction with o-nitrohenzaldehyde {Ber.

tacked’* riibbef to the extent of 30 grams* re- 64, 817 (1931).
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(a) in this case, while methylglyoxal would be expected from the terminal

mnv at (^)> ^ differently oriented isoprene group. Harries usually

^Wformed the ozonization in ethyl acetate and therefore failed to observe

{he formation of acetic acid. By ozonization in chloroform and subsequent
decomposition with water, appreciable amounts of this acid may be detected,

according to Pummerer and K. Gerlach.^^^ it is however questionable

whether the acetic acid is not produced by a rearrangement (oxygen migra-

tion) of the rubber ozonide. Opposed to the second formula given for the

open chain is the fact that open chain terpene-like products such as citral,

plnlol, and lycopin, usually have the following grouping at one end of the

chain :

CHa
I

CHo— C<
Furthermore, the results of optical experiments do not indicate the presence

4 an isoprene system.

The Absorption Spectrum of Rubber in the Ultra-Violet Region

An important advance in the investigation of the rubber molecule was
achieved in the systematic purification of ru]d)er by means of alkali and by
solvents, as carried out by Pummerer and his associates. The purification

was carried to the point where the sample possessed optically constant ab-

sorption properties in the ultra-violet spectral region. The progress of the

[jiirihcation can be followed by the curves on p. 494. According to G, Scheihe

and R. Pummerer,^®® the position and the intensity of the absorption are very

similar to that of trimethylethylene (isopentene). Especially important is the

fact that no evidence was obtained, according to optical measurements, for

the presence of a conjugated system of carbon double bonds (isoprene

groups) at the end of the chain. From the great accuracy of the method and
the sharp decline of the curve for sol-rubber at 230mix (log K=0,7), it may
safely be concluded that no terminal isoprene group occurs in the molecule
containing 500 double bonds (of the isopentene groups), and that probably

no isoprene group is present for each 1,000 double bonds in the molecule of

rubber. The extinction coefficient of isoprene at this wave-length (log i^=4.2)
is 3,000 times as large as that of rubber.

The optical properties of rubber certainly verify the conclusion reached by
Harries (on the basis of ozone degradation) that no open chain with a ter-

minal isoprene group is present. For these reasons, and on the basis of the

iodine number (see below), Pummerer in 1927 expressed his opinion as

follows: ‘‘Either a ring at the end of the chain has been formed, or the

double bonds of the terminal groups of several molecules have united, or

else there was present originally a very large ring consisting of isoprene
groups, according to the view of Harries. The existence of such rings com-
psed of 32 carbon atoms (four eight-membered rings) can today be more
readily accepted after the. excellent work of Ruzicka.”
Staudinger explains the failure to detect the end members by the assump-

tion of an unusually long open chain consisting of about 1,000 isopentene
groups, with a terminal isoprene group. Since the isoprene group makes up
only 0.1 per cent of the total molecule, the products of the decomposition of

64, 809 (1931). 2®® Lecture, Essen. Kaufsckuk, 3, 233, 237 (1927).
60, 2163 (1927), Qj. terminal isoprene groups.
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this grnni) on ozuiiulysis of the molecule could easily escape detection. Re,

ciiitl\% Siaiidinger is mure inclined to accept a large ring formula upon

tlie basis of analogous rc>iilts on polystyrene. He supposes that the mem1)ci\s

ijf this foiiiiiila are large rings composed of hundreds or even a thousand

isi'^peiiteiic groups.

The Iodine Number of Rubber
Fisher and Gray determined the iodine number of crude rubber by

means of iodine chloride and found that the value for the unsaturation was

95 to 96 per cent of the theoretical value, which requires one double bond

fur each C:Jis group Uheoretical iodine number = 373.4). From their

work, as well as from the results of the action of ozone, of bromine, and of

hydrogen chloride upon rubber, the isopenteiie group again appears as the

*’koiciiiometrical equivalent'’ of rubber. These results, however, offer no

information regarding the molecular size of rubber. It was therefore im-

portant to repeat the determinations of the iodine number with the purest

riihlier as well as with the individual fractions of pure rubber. Pummerer

and Franz Josef Hann-®^ determined the iodine numbers of total rubber and

Ilf sol-rubber and obtained values of about 101.3 per cent for the unsaturation

Mt tntal rubber and 100.3 per cent for sol-rubber. The latter value indicates

exactly one double bond for each C^Hs group. In the case of sol-rubber,

prepared from crepe, the value is lower (97.6 per cent). If in this case the

sol-rubber is a homogeneous substance having a monocyclic structure con-

taining one double bond for each CsHs group it would appear that partial

cyclizatioii of the molecule has also occurred.
’
Attention is called to the fact that a value of 100 per cent for the un-

saturation of sol-rubber obtained by the “iodine number” method corresponds

to a value of 94.6 per cent by the “oxygen number” method (reaction with

perljenzoic acid, see p. 209 ).-^^ From these values it is apparent that ap-

rjroxiiiiatcly 1 16 of the total number of double bonds do not react with

perljcnzoic acid. A corrected iodine number (“reduzierte Jodzahl”) of about

the same magnitude ^ 93.6 per cent ) results if from the original iodine num-

Ijcr a CHiTection is subtracted for the acid which is formed during titration

tatter addition of water). One mole of iodine is removed for each two

moles of halogen acid. In the case of sol-rubber, water therefore removed

about 1 16 of the total halogen \vhich had reacted with the double bonds.-^’’^

Since it cannot be shown that sol-rubber consists of homogeneous mole-

cules it is difficult to draw stoichiometrical conclusions from the above

values. Again, since the reaction with perbenzoic acid is conducted at 0^ C.,

it must be remembered that in some instances this reagent does not react with

iinsatiirated compounds at 0° C. (Compare the behavior of limonene).-*^®

The remarkable agreement of the oxygen value with the “reduced” iodine

iminlier which was found with each of four sol- and gel-rubbers of different

origins, can well have a constitutional basis.-®" In a uniform large ring sys-

tem composed of isopentene groups, such a behavior is difficult to understand,

but is more easily comprehended with a long chain such as II (p. 236), with

terminal rings which resulted in some manner from the end isoprene groups.

^Jnn.,468, 29 (1929). ^Concerning the iodine numbers and oxygen

^Ind. Ena. Ckem., IS, 414 (1926). values of the carotinoids, see R. Pummerer,
62, 2636 (1929). See also p. 197. I,. Rebraann, and W. Reindel, Ber., 62, 1411^ Pummerer and Franz Josef Mann, Ber., 62, (1929).

2h36 fl929f; Chem. Abstracts, 24, 1103
C1930). See also p. 197.

_

^87 case of carotin, the same agreement is

^ This suggests hydrolysis or cyclization. Cf. also found, hut it is not so distinct with gutta-

Staudinger, Ann., 468, 34 (1929). percha.
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The oxyg-en number and the ‘‘reduced” iodine number of gel-rubber have

mines of 98.6 to 100 per cent and are higher than those for sol-rubber. The
actual value for unsaturation, as determined by the iodine number, lies be-

tween 108 and 110 per cent. Since gel-rubber reacts differently toward iodine

chloride than sol-rubber, the fractionation must have brought about some
definite change. To explain the high iodine number, it could be assumed that

for every ten isopentene groups there is present one additional double bond,

such as would occur in a terminal isoprene group. The optical absorption,

however, does not reveal a difference between sol- and gel-rubber great

enough to indicate the presence of such an isoprene group. With sol-rubber,

the dry solution after reaction with iodine chloride, contains no halogen acid.

With gel-rubber, however, hydrogen chloride is present, which explains the

high iodine value. If the halogen acid which is evolved when the reaction is

performed in the absence of moisture, is due to substitution, then the value

for the unsaturation of gel-rubber is reduced to between 98 and 99.6 per

The Structural Unit and the Parent Molecule of Rubber

It has been shown that most of the reactions of rubber indicate that the

structural unit of the rubber molecule is the CgHs group, which is able to

add two univalent groups. The determination of this structural unit, adds

nothing to our knowledge of the molecular weight, however. In order to

determine the molecular weight, it w^ould be necessary for the whole rubber

molecule to react as one unit, as in the case of hemoglobin, in which only the

one iron atom per molecule enters into reaction, or carotin, C40H 56 ,
which,

despite its eleven double bonds, yields only the crystalline di-iodide, QoHaoL,
(prepared by Willstatter and Mieg) containing the smallest possible amount
of iodine. The quantitative proof for the presence of one such terminal

member or additional double bond for a definite number of isopentene groups

would be of considerable importance; but this has not yet been accomplished.

Nitrosobenzene reacts in the ratio 1 :1 with the CgHs group of rubber.

The molecular weight of the reaction product {see p. 204), which can be

determined in nitrobenzene, indicates that union of eight isopentene groups
with eight molecules of nitrosobenzene has occurred. Gutta-percha gives a

similar analytically pure product which is composed of six isopentene groups
and six nitrosobenzene molecules. The fact that a value twice the normal
molecular weight of the nitrone of gutta-percha is obtained in benzene solu-

tions in concentrations of 2 per cent and above, shows that the nitrone mole-
cule is associated in this solvent. Therefore rubber and gutta-percha
differ in other respects than the length of their carbon chains.^®^ There must
be present a sub-division or spatial period which is different in the two
substances.

From results on the hot vulcanization of rubber a molecule of rubber com-
posed of eight isopentene groups is indicated, according to Lindmayer.-*^
There is a temporary pause in the absorption of sulfur after one atom of

sulfur has been taken up by each unit of eight isopentene groups. From these

experiments, a unit of eight isopentene groups can be considered as the
parent molecule (that is, the simplest number of structural units which react
as a unit molecule) of rubber. A maximum of four isopentene groups in

nibber react with one tetranitromethane molecule. The same ratio allows

^ I^ummerer, Kautschuk, 5, 130 (1929). Cf. Stauding-er, Ann,, 468, 30 (1929).
KavtscJnik, 5, 35 (1929).
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,iic- reaction of tNvo molecules of tetranitrometliane with one unit ut e.glit

uenteiie groups, liv tiie hydrogenation of rubber, Puminerer and koch

iiave isolated a saturated hydrocarbon of some hfty carbon atoms (ten uso-

entene groups i, but it was not certain whether decomposition of the hydro-

ulLr ha.l occurred. In general, the smallest parent inolecule ot rublier that

can be di.scussed is, according to the above, the unit of eight isopentene

"r ups. One usuallv finds higher values tor the molecular weight o Mro-

rnl.ber Inalrucyclo-rubber. and cyclorubber in camphor; namely,
_

1,000 to,

H)00. 'on account of the possible sources of error m the cryoscopic method

fur the niuleciilar weii^lit determination (
formation of solvates ), Iv. H. }^Ieyer

and H Mark cunsideV it prol;alile that these hgures may be raised to about

^ nOO
'

Verv high molecular weights of rubber and hydrorubber are rendered

improbable bv the solubility of these substances in ether, as well as by the

low raeltin- point of frozen and homogeneous crystallized rubber The parent

molecule oi rubl>er is, according to our present idea only a small traction o!

the micelle, the presence of which can be established by osmotic rise measure-

ineiits in benzene.

Synthesis and Artificial Rubber

iiisTORiCAL Development and General Discussion

Artificial Isoprene Rubber

The theoretical relationship between rubber and isoprene was apparent

from the similar elementary composition of the two substances as well as

from the formation of isoprene by the distillation of rubber \\il iams, tk

discoverer of isoprene, observed soon after its preparation^ (1860) that the

o.Kv^en of the air changed it in such a way as to increase its consistency.;-'

Bo'udian’at, in 1879, undertook a more careful examination of the behavior

uf isourene in air. He found that isoprene, upon standing, slowly changed tc

a rubber-like sub.stance. and that the change, under certain definite condition,

took place more readilv in the presence of hydrogen chloride gas. Ihe data

uf Bouchardat, as well' as those of Tilden, gave no definite expenmenta con-

ditions hv which it might have been possible for later workers actually t.,

prepare artificial rubber. Tilden =‘- himself says very pessimistically :

"The conversion of isoprene into rubber occurs, so far as observed, under

two conditions: (1) when brought into contact with strong aqueous hydro-

chloric acid or moist hydrogen chloride gas, and (2) by spontaneous poly-

iiierization. . . ,

‘in the former case, the amount of rubber produced is small, as it is only

a ^‘v-p-odnet attending the formation of isoprene hydrochlorides, which are

i>oth Hqifid.
'

In the latter case, the process occupies several years.

“Ot course maiiv attempts were made by me to hasten the process, but it

was found that cWact with any strong reagent, such as oil of vHnol,

pentachloride of phosphorus, and others of milder character,^ led only to me

production of a stickv ‘colophene’ similar to the substance which results from

the polvmerization of the terpenes, and after a course of experiments whicti

were carried on for about two years, I was reluctantly obliged to abandon the

subject/'

Hoy. (Lititdmi), 10, 516 (1860). India Rubber J ., 36, 322 (1908).
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Later experiments with the use oE hydrogen chloride never accomplished

-l-e
desired result. The polymerization of isoprene in the cold was again in-

estisated after the discovery that it could be polymerized with the aid of

{at {see below). Harries later confirmed the fact that the beginning of

,‘|,j polymerization depends upon circumstances such as the presence of some

'xvgen as catalyst (see p. 258)

.

'

The action of light upon isoprene had previously been observed by Wallach
,,

1^7. He found that isoprene was thus converted to a rubber-like mass.^rs

in 1913, Harries prepared a white solid polymer by the action of ultra-violet

idit upon isoprene, but he obtained only a small quantity of a rubber-like

‘‘rodiict.

‘ The chief uncertainty of the older data lies in the undefined expression

‘riibberdike properties.” In the polymerization of unsaturated hydrocarbons

i,T certain methods, products having properties which more or less resemble

thuse of rubber are formed. Prior to Harries' work on the ozone degradation

,jf rubber, these products could not be identified as artificial rubber, because

-f the lack of suitable methods. Harries first showed that the degrada-

nbii of natural rubber by ozone proceeded in a fairly simple manner with the

formation of considerable (about 60 per cent of the theoretical amount)

'itvulinic aldehyde and levulinic acid. This represents a criterion which must

he met by true artificial isoprene rubber.

Ability to be vulcanized and elasticity of the vulcanizate are further re-

luirements which must be satisfied, even though they do not definitely char-

acterize the product. Moreover if the artificial product is to be termed rubber,

its mechanical properties, especially after vulcanization, must conform to

certain standards.

Finally, Harries considered the formation of rubber nitrosite C a specific

reaction of rubber. He found in 1902 that isoprene, when heated to 300° C.,

yields not only dipentene and other hydrocarbons, but also thick, rubber-like

jvrups, which, in contrast to rubber distillate, give. nitrosite C. The polymeri-

zation of myreene (an open-chain terpene, QoHie, containing three double

^onds) by heating for four hours at 300° C., produces a non-distillable poly-

mvreene and a dimyreene which can be distilled in vacuo. Dimyrcene reacts

dth nitrous acid to form a nitrosite which cannot be distinguished from
rubber nitrosite C, and which corresponds in composition and molecular

A’eight to the formula C20H 30N6O 14 . The polymyreene nitrosite agrees with the

formula C40H 56NGO 18 and is very similar to the dimyrcene nitrosite, although
‘he polymyreene, judging from the lower nitrogen content of its nitrosite,

.us: be extensively cyclicized. The cyclization is easily explained today, by
the high polymerization temperature employed. On the basis of these ob-

wations, Harries in 1902 inclined toward Weber's view that rubber is a

iung, open-chain polyterpene.
The fact cannot be ignored, however, that there is a great difference be-

tween dimyrcene and rubber, and that substances of the type of nitrosite C
an be formed from higher open-chain terpenes other than rubber. It is, of
course, very probable that the rubber molecule itself, in forming nitrosite C,
te undergone degradation by nitrogen dioxide (analogous to the reaction
tidi ozone), and that even dimyrcene nitrosite could finally be produced from
uibber. At the present time, the formation of nitrosite C can still be regarded
as desirable, but no longer sufficient, to identify a sample of artificial isoprene
® Ant., 239, 48 (1887). related as possible to natural rubber, in order

«at is, possessing a constitution- as closely to deserve the name “synthetic rubber.”
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riihlfcr. AlthcHigii Harries, in 1902, had the express purpose of convertir*^

isoprciie and iiiyrcene into artificial rubijer b}' polymerization with heat he
(lid tiot succeed in proving that he had accomplished his objective. Never-
theless, his polymerization experiments, which he never entirely abandone’
have given an important stimulus to the further study of the question

Kiibher chemistry was given the strongest impetus in 1904 by the work
Harries on the ozone reactions, which then occupied his time completely

aii^'

diverted liis attention from experiments on synthetic rubber. By means of
his re.^eardies with ozone, the structure of the rubber hydrocarbon was in a
general way cleared up, even if the finer details of the constitution were nut
solved at that time. The constant recurrence of the pentadiene group in rub-
ber indicated the simple structural unit, isoprene, more categorically than did
the decomposition b}’ distillation.

These important degradation results, which made possible the actual char-
acterization of a rubber substance, together with the rising price of rubljer

in 1909, greatly stimulated attempts to prepare artificial rubber. A far-

reaching, even if not final, solution for this technical problem was accom-
plished ill 1909 by Dr. Fritz Hofmann and his co-workers in the Farber-
fabrikeii vorm. Fr. Bayer and Co. He can therefore be called the actual

discoverer of artificial rubber. The desired goal was reached by polymeriza-
tion of isoprene with heat, both with and without dilution, under essentially

milder conditions than those employed by Harries. In the first patents-"'*

(dated September, 1909, but of course made public much later} directions

were given for heating isoprene for eight days at a temperature of 120^ or
200^ C. Later, (1910-1912} the duration of the reaction was increased and
tiie temperature was lowered to less than 100*^ C. Numerous substance^
which acted as catalysts for the reaction were tested, and the greater part of

tliem were protected by patent. In 1909, the Farbenfabriken sent a sample
uf artificial isoprene rubber to Harries, who, after investigating its behavior
tuiward oziiiie, was able to pronounce the sample chemically similar to natural

nildier. As accelerators for the polymerization, finished artificial ruliber.

natural rubber, and their oxidation products, play an important part.-^®
It was not long before Harries, in 1910, obtained artificial rubber by a

modified process (longer heating of isoprene in acetic acid at 100=" C. in a

closed vessel) and issued the first publication on artificial rubber.^”^^

The discovery that isoprene could be polymerized by means of metallic

sodium to a substance similar to rubber (the so-called “sodium rubber”) was
also made in 1910, simultaneously and independently by Harries and by

»boilir.g p«jint 63' to 63,5° 20 nun.) w
imiymerized to rubber by the action of metab
lie sodium and barium peroxide. J. Russ,
Pkys. Chem. Soc., 47, 1923, 1928, 1958 (1915).

* Translator’s Note, G. S. Whitby and R. N.
Crozier [Caji. /. Research, 6, 203 (1932)]
have also inve^tfrated the poIyTrerization of
isoprene and .Ir’.r'-b'/i'.uta.iienc bv htat.
They found no cv: ivnee : f the : -rm.'.tior. from
either diene of an oiten chain dimer, polymer-
izable to rubter, such as the “'jS-myreene” of
Ostromislensky. The above dienes yield oily,
dimeric by-prciducts in addition to rubber, and
the proportion of oil to rubber increases with
the temperature of polymerization. Isoprene

yields^ more oily by-product than dimethyl-
butadiene. The degree of polymerization cf

be rubber obtained from the above diene- is

applied.

In this connection, see also page 268.

German Pat., 250,690, Class 39-b-l (Septeni
ber 12. 1909).

See the patent literature. Also Lebedeff, J,

Russ. Phys. Chem. Soc., 45, 1313, IJ/V

(1913), including a compilation of data con-

cerning the speed of polymerization of various

butadienes at 150° C.
2Tfl Lecture at Vienna, 1510.
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Matthews and Strange in England. In contrast to the rubber produced

j,,
.'polymerization with heat and the rubber which was produced with the aid

ti'i heat and acetic acid, the sodium rubber behaved abnormally toward ozoni-

zation, since the ozonide on hydrolysis gave no levulinic aldehyde. A slight

change in the process, namely, the polymerization by means of sodium in an
atmosphere of carbon dioxide, was made by A. Holt^si in 1914 in the labora-

-.iries of the Badische Anilin- und Sodafabrik.

This procedure yielded an artificial rubber which behaved normally upon
let^radation with ozone, although in pntrast to isoprene rubber which was
obtained by polymerization with heat, it was insoluble in the usual solvents.

The most important conclusions from the polymerization experiments with

hoprene are here summarized in brief. The presence of conjugated double

'.jads (seepage 223),

through which the mutual addition may proceed in various ways,-®® is essen-

tial for the polymerization of isoprene. The methyl group is not essential,

isoprene, butadiene, and dimethylbutadiene can form polymers.

ca=CH—_CH = CH.
butadiene

CHa CHs CHa

C— CK = CH,
2~niethylbiitadicnc

or isoprene

CH,= C — C = CH,
2,2-dinicthyl‘

butadiene

Puiymers can also be produced from 1-methylbutadiene or piperylene,

CHn—CH=CH—CH=CH2 ,
an isomer of isoprene. It is thus possible to

iiroduce polymers from the entire series of butadienes. These polymers may,
'fcaiise of one property or another, become commercially important. xA.c~

:ording to their properties, however, not all of these polymers, really deserve

Mbe called artificial rubber. Some oily and pasty products are formed, the

production of which must be avoided, if possible, in the preparation of arti-

.hial rubber.

Artificial isoprene rubber gives vulcanizates which are very elastic, but are

*nly slightly resistant to tear. The best results were obtained by K. Gottlob
iy polymerization of isoprene in a water suspension of animal or vegetable
proteins. The difficulty of obtaining the isoprene prevented this process from
assuming commercial importance during the war.

Methyl Rubber

The methyl-homolog of isoprene, 2,3-dimethylbutadiene, was compara-
tively readily obtainable during the war. Therefore, when the scarcity of
rubber in Germany became critical, a factory was built at Leverkusen for the

manufacture of artificial methyl rubber; that is, rubber derived from di-

Harries: “Untersuchungfen p. 141,
where Harries disputes the English and Rus-
SM claims of priority for the discovery of ar-
micial rubber. In this connection, see also F.
fiefmann: Gummi-Zeitung, 26, 1794, (1912).

common to all these claims that they
were first brought forward after the prepara-

artificial rubber by German chemists
Uart of them years later—Lecture by W. H.

Jr., 1912). There is no doubt that

the artificial rubber which actually deserved
the name and which was technically useful,
was first produced in Germany, F. Hofmann
and his co-workers have the priority over all

their professional colleagues.

251 Chem.-Ztg., 38, 188 (1914).

252 por a discussion of the possible schemes of
polymerization of isoprene, see G. S. Whitby,
Trans. Inst. Rubber Ind., S, 184 (1929).
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ir.ethv!! and c-'‘::ta::iir.g for each CgHs unit one more methyl group

::: ::at:'.ro! riibber.-^^

llic* starting material for the preparation of dimethylbutadiene is acetone,

::i is cnnvcrted by means of magnesium or aluminum amalgam int'

|unacone.
Cii::

c = n --Ml

tHa

CHa OH
\/

-2HaO=:: C
/
CHa

OH CHa
\/
C -f Mg(OH)a
\
CHa

This reaction is best carried out in an inert medium (benzene), and is tub

lowed by decf«m|}o.>ition of the amalgam by means of water and dilute add
I'f.iitiiricT,-''^ in 1880, obtained dimethylbutadiene by heating pinacone will:

dilute sulfuric acid and removing two molecules of water, according to tlit

t«jlIowing scheme:

CH= OH OH CH.
\y v
C (J

/ \
CHs CHn

CH.
\
C
/

CHa

CH.
/
C
\
CHa

2HaO

Kondakoti* devised a method starting with the corresponding dichloride of

from which he eliminated two molecules of hydrogen chloride

by means of alcoholic potash. Better technical methods of eliminating water

were dcvel'^red. such as heating with potassium bisulfate-®® or the catalytic

removal of water by vacuum distillation over heated clay.-®'^

Credit is due Koiidakoff for important observations on the polymerization

10 f dimethylbutadiene. He reported that in the action of alcoholic potash

solution upon the hydrochloride of dimethylbutadiene at 150° C., a rubber-

like, alcoliol-soliible product was formed in addition to dimethylbutadiene.

Since it was soluble in alcohol, it could not have been methyl rubber.

Anoticer more important observation was made by Kondakoff who noticed

that /i-y-dimethylbiitadiene, when subjected to dispersed daylight in a closed

vessel, gradually changed to a white, solid, polymerized mass, insoluble in the

usual solvents.-®^ Accerding to the investigations of Harries, this product

is related to methyl ruidjer in some ways, but cannot be designated as methvl

rubber. In contrast to a sample of methyl rubber prepared at 90° to 100° C.

by Harries, the polymerized ^S-y-dimethylhutadiene was converted intn a

tough, sticky mass upon short exposure to the air, giving a product which

was easily soluble in the usual solvents and which was of no commercial

value. Here lies the reason why Kondakoff’s noteworthy observations re-

mained teir.porarily without further effect upon the development of the chem-

istry of synthetic rubber.'^ Later work has frequently been connected with

/3-7-climethylhiitadieBe, which may be designated as the forerunner of artificial

rubber. In Leverkusen, conditions were found under which this substance

Butadiene rr.li!>er, preparei! from sodium ac-
cord ins to the method of Matthews and
Strange, had j?ained the most attention in
EnRiand. in 1910. Small amounts of this
rubber were prepared there, in 1914, on an
experimental scale, The t^ntadiene was ob-
tained from «-!»iitaiiol bv '.--.'iv -i? ‘-uterie (see
p. 250).

^BulL sac. chim., (3) 33, 454 (1880); Ann.
CMm„ (6) 26, 485 (1892).

®«/. prakt. Ckem., (2) 62, 169 (1900).

Procedure used comP’crcially by the Farler

fabriken vorm. Friedrich Baver & Co.

German Pat., 235.311. Cla.'.s’ ]2o. 19 (1910i;

256,717, Class i2o, 19 (1912),
prakt. Chem., (2) 62, 166 (1900); fJi

64, 109 (1901). German Pat., 248,399, Cla^^

39b.^ “Untersuchun<ten ...” p. 137.
* Translator's Xote. Kondakoff’s disas:reei»tt«

with these statements is expressed in an article

entitled "‘The History of Rubber” Rev.
caoutchouc, 7, No. 65, p. 6 (1930).
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„ul(j be converted into a plastic, rubbcr-like niass,"-'^^ by heating at 80^ to

Commercial methyl rubber was prepared during the war by the Farben-

fabriken vorm. Friedrich Bayer & Co. by means of two fundamentally dif-

ferent methods, which produced two distinct final products : methyl rubber H,

!med especially for hard rubber goods, and methyl rubber W, for soft rubber
{See also p. 17 fif.)

" Methyl rubber H was produced by placing dimethylbutadiene in thin-

walled metal vessels in such a way that an air space remained above the liquid.

The drums were stored at approximately 30° C. for six to ten weeks, during

which time the container became filled with the polymer, which was formed

25 a white, solid mass having the appearance of cauliflower, and having a

crystalline appearance. After the di.sappearance of die liquid by polymeriza-

tion, the drums were cut open, and the mass, having little of the appearance

uf rubber, was converted to rubber sheets by prolonged milling, with or with-

out the addition of softeners and preserving agents. The polymerization

could be controlled more easily by the addition of catalysts, such as some of

the final product.

For the production of methyl rubber W, dimethylbutadiene was placed in

louble-walled pressure vessels, and large charges were heated for three to

A months at about 70° C. The vessel then contained a slightly yellow, trans-

iiarent, rather tough, rubber-like mass, which had to be cut from the con-

tainers in thin layers by special rotating knives. This product was then placed

upon the mixing mill as described above. Methyl rubber W was used espe-

cially for the preparation of soft rubber goods, either alone or mixed with a

]»i)rtion of natural rubber or methyl rubber H.
The monthly production of artificial rubber in the later years of the war

b given by Gottlob as 150 tons, and the total production of artificial rub-

Ker during the war as 2,350 tons.

The sensitivity of both unvulcanized methyl rubbers toward oxygen is

much greater than that of natural rubber. This difference is intensified by
tile action of light. The methyl rubbers were therefore colored with suitable

lyes in order to absorb the damaging light rays in the outer layers. This

procedure also increased the stability of the rubbers toward air. Other pre-

serving materials were also used. By the addition of aromatic bases and
idler softeners to the rubber compounds, the elasticity of the vulcanizates

was increased at the expense of the resistance to tear.

Methyl rubberW was at best not a very desirable substitute for soft rubber

gCK)ds, and would in normal times disappear from the market. On the other

hand, methyl rubber H, when worked up into hard rubber goods, shovred

exceptional insulating and dielectric properties, which even surpassed those

d the usual hard rubber. At a price which compared favorably wdth that

tor hard rubber, it would be competitive for this purpose. However, the

method employed during the war for the preparation of methyl rubber from

See also Lecture by F. Hofmann: “Der syn-
tnetische Kautschuk vom technischen Stand-
punkt,” given May 30, 1912 in Freiburg. Z.
mgew. Chem., 25 , 1462 (1912^

^German Pat., 254,668, Class 39b, 1 (March
15, 1912). The irregular behavior of Konda-

s substance toward ozone was not altered
to correspond with methyl rubber by this fur-
ther treatment, according to Harries, “Unter-
Sttcbungen page 200.

See also K. Gottlob, “Acht Jahre Arbeit am
kiinstlichen Kautschuk, der Methylkautschuk
im Kriege.^’ r.. 33 , 508, 534, 551,

576, 599 (U '9,' :.!.< G.)-:!.):), “Technologic der
Kautschukwaren,” p. 211 to 214, 2nd ed. Ver-
lag Vieweg u. Sohn, Braunschweig, 1925, or
the English translation, Gottlob, “Technology
of Rubber’" translated by J. L. Rosenbaum,
McLaren & Sons, Ltd., London, 1927.

Gottlob, “Technologic der Kautschukwaren”
p, 214, Vieweg u. Sohn, Braunschweig, 1925.
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acetone is out of the question today because of the current low prices ot

rubber, which can be further lowered by the plantations.

G. S. Whitby* and Katz [Can. J. Research, 6 , 398 (1932)] compared the properties

oi methyl rubtjer with those of natural rubber. “Samples of synthetic rubber prepared
by the p*dyiiierizati(»n i*f 2,3-dimethyIbutacliene at room temperature and at 45® C. rt-

spectively were subjected to vulcanization tests in comparison with natural rubber. In

an accelerated gum stnek containing 39c sulphur the cold polymer gave at best vulcan-

ized prutliicLs less than one-third as strong and only ab(jut one-third as extensible' a.

natural rubber: the heat polymer gave products as extensible but only one-tenth

btrong- a> natural rubber. The incorpcjration of carbon black greatly increased the

^trellgth of the synthetic rubbers, rendering both about half as strong as natural rubber
ii: a similar stock. The vulcanized synthetic rubbers were less “snappy” than natural

rubfier at rt,>oni temperature. Increase of temperature improved their speed of retrac-

tion, but seHeusIy reduced their breaking strength.
^
Products from the cold polymer

showed a greatly increased stiffness and strength at 5® C. as compared with room’tem-
l>erature, and at about 1° C. were non-retractible. In general the synthetic rubbers were
much more sensitive than natural rubber to change of temperature. A 50:50 mixture uf

tlie heat and cold polymers was also subjected to tests.”

The Present Status of the Artificial Rubber Questionf

The re.searches on the preparation of artificial rubber which are being con-

ducted at the present time are justified for several reasons.

1. Methyl rubber H demonstrated that natural rubber can be surpassed

in certain properties by the artificial product. The possibilities in this re.spect

are far from being exhausted. It was emphasized on page 243 that the en-

tire series of butadienes is capable of polymerization. The reaction can pro-

ceed ill various ways with each individual hydrocarbon, and the final product

can be influenced by the addition of various substances, such as nitrogenous

compounds. It is therefore reasonable to expect the formation of a large

number of artificial products, which could be used as artificial rubber for

special purposes, or might be used for other purposes.

The final goal—the practical preparation of natural rubber itself by syn-

thetic means—will not be attainable, or may only result accidentally, as long

as the constitution of rubber has not been absolutely determined. The syn-

thetic rubbers thus far prepared are artificial products with properties only

more or less similar to those of rubber. Tremendous progress has been made
since the war, however, in improving the properties of the artificial product

so that it nearly resembles rubber, but much more development is possible.

The variation of catalysts and of the conditions of polymerization are the

most pr'crdsing lines of work. In this connection, it should be stated that it

has Ikw:: y ssfidc recently to polymerize ethylene and its homologs in a very

simple manner, to give substances of high molecular weight having the prop-

erties of lubricating oils.-®^ For this purpose, boron trifluoride was used as

a catalyst. The polymerization of vinyl bromide to form rubber-like sub-

stances was investigated by Ostromislensky some years ago. His polymer,

caiiprene bromide, was a white, amorphous substance which, according to

Harrip, corresponded very well with the empirical formula, CgHioBri, but

was distinctly different from the tetrabromide of butadiene rubber, and there-

fore undoubtedly belongs to another series of compounds. By reduction

* Translator's Xoie.
t Translator's Note. Two excellent reviews on

synthetic rubber have recently appeared. See
F. Jacobs, Rev. gin. caoutchouc, 9, No. 81,
19 ; 9. No. 3; 9, No. 83, 9 (1932); also
G. S. Whitby and M. Katz, Ind. Eng. Chem.,
25, 1204, 1338 (1933),^ M. Otto, Z. angew. Chem., 40, 700 (1927).

For the sake of completeness, it should le

mentioned here that certain other hydrocarbons,

such as cyclopentadiene, styrene, and indene

can be polymerized to give synthetic products

which have certain uses.
^Chem. Zentr., 83, (I), 1980, 1982 (19121;

J. Russ. Phys. Chem. Soc., 44, 204, 24&

(1911).
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/debromination) of cauprene bromide, Ostromislensky obtained a practically

l^^lQcren-free hydrocarbon of high molecular weight.

2^ The strongest stimulus for the resumption of the synthesis of rubber

was the anticipated reduction in price of the starting material, butadiene.

There is no reason, therefore, at the present time for discussing in detail the

numerous syntheses of butadiene and the methylbutadienes, which have been

CO carefully developed by the methods of organic chemistry. Harries has

dven an excellent survey of these processes, and in the “Special Part” to

^low, they will be briefly enumerated, with literature references {see p. 249).
*

One commercially important synthesis depends upon the production of

i^oprene from the pentane fraction of petroleum, through a series of reactions

discovered by A. Holt in the Badische Anilin- und Sodafabrik.-^'^ The prog-

ress made in cracking processes has made the 1)enzine hydrocarbons and the

nentanes more readily obtainable. It should also be possible to effect cata-

lytic refinements and thus lower the cost of Holt's process.
’ Aside from the production of butadiene from the pentane fraction of

petroleum, there is the further commercial possibility of producing butadiene

or its homologs directly by hydrogenation of carbon or carbon monoxide. It

skiitld at least be possible by the latter method to prepare fractions which

can be easily converted to members of the butadiene series. There exist the

further possibilities of preparing butadiene by the dehydrogenation of butane,

.‘rfrom aldol which is prepared synthetically from acetaldehyde. In view of

the foregoing statements, it is easier to conceive of an improved artificial

rubber being competitive with natural rubber. It will be some time before

the synthetic product can be produced at a price lower than that of present

natural rubber, which is estimated at 60 to 80 pfennig per kilogram. Syn-
thetic rubber of especially high-grade properties could conceivably command
a higher price than natural rubber, in which case the best would still be the

most economical. It must be remembered, however, that constant progress

lias also been made in the cultivation of high grade Hevea strains and in the

improvement of the quality of the natural product by better methods of

preparation. Progress has also been made in the use of guayule in rubber

mixes. Whatever the outcome of the contest between the product of the

plantation and that of the chemist engaged in synthesis, organic chemical

technology has scored a lasting triumph in making more accessible the mem-
krs of the butadiene series. The availability of butadiene and its homologs
has led to promising experiments for the purpose of preparing other synthetic

products from butadiene. In this connection, attention is called to the work
of Diels, who studied the addition of butadiene to a wide variety of un-
saturated cyclic hydrocarbons.

A new synthetic rubber* has recently been developed by Carothers, Williams, Collins,

and Kirby in the laboratories of E. I. du Pont de Nemours h Co., Inc. The new
IM-oduct has been given the name “Duprene.” The synthesis of this artificial rubber pro-
ceeds from^ acetylene, which is polymerized to monovinylacetylene, CH^C—CH^CH-.
Tk monovinylacetylene is then treated with hydrochloric acid in the presence^of cuprous
chloride as a- catalyst. The mechanism of the addition of HCl to vinylacetylene"®^'' consists,

first, in the addition of hydrogen chloride in the 1,4-position with the formation of

^
'‘Untersuchungen .../* p. 142 ff.

^Chem.-Ztg., 38, 188 (1914); See also German
fat, 264,008, Class 120, granted to. the Bad-
isdie Anilin- and Sodafabrik.
0. Diels and K. Alder, Ann., 460, 98 (1928).

* Translator’s Note.

289 7. Am. Chem. Soc., 53, 4203 (1931); see

also, j. A. Nieuwland, VV. S. Calcott, F. B.
Downing and

288a^W^^H. Carothers, G. J. Berchet and A. M.
Coilins, J. Am. Chem. Soc., 54, 4066 (1932) ;

Rubber Chem. Tech., 6, 121 (1933).
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cIiIoro-4-butadiene-l,2. This readily undergoes isomerization to chjoru-2-butadieiie-l,3

Cuprous chloride facilitates the isomerization and no chloro-4-butadiene-l,2 is found in

the reaction product when the above copper salt is used as catalyst. The reaction pro-

ceeds according to the following equation

:

HCI

: = CH 2
- , = C=CH~CH.C1 >( 2 ==C~CH=:CH,

Cl

The clilurobutadiene is kinjwn as “chloroprene,” and is a colorless liquid with character-

istic ethereal odor somewhat resernbling ethyl bromide. It has a boding point of 59.4° C.

at 760 mm, pressure, a density, 0.9583, and refractive index nh, 1.4583. The struc-

ture of chlurcjprene was established through its analytical composition, and by conversirm

into biitane-a, jd, 7 , 5, tetracarboxylic acid and into ^-chloroanthraquinone.

Chh'rrprene readily undergoes polymerization. Thus, if the chloroprene is allowed tu

.a container it polymerizes spontaneously and after lU days has changed
into a transparent, resilient, nun-plastic, elastic mass resembling vulcanized soft rubber.

This product is called /u-polychloroprene. It has a density at 20° C. of about 1.23, and a

refractive index of about 1.5512 ()/»). The new product is not plastic and does not

sheet out smoothly on the mill. Furthermore, it is not thermoplastic, and does not dis-

solve in carbon tetrachloride, carbon disulfide, benzene, nitrobenzene, pyridine, aniline,

ethyl acetate, and ether, although these solvents do swell the product. It has a tensile

strength of about 140 kg. sq. cm. and an elongation at break of about 800 per cent. The
X-ray diffraction pattern of unstretched samples of polychloroprene shows an amorphuus
ring, but the stretched pedymer exhibits a fiber diagram. In this latter respect, the

ti-pclychlorrprene differs from previously described synthetic rubbers.

Analysis o; the /x-polychloroprene indicates the composition (CiHsCl) but molecular

weight determinations are not ^''-ssihle, since the polymer is insoluble in the usual organic

solvents. Towards bromine, t'ic pidymcr behaves as an unsaturated compound. iShtric

acid oxidizes it to succinic acid. The degradation with ozone has not been carried <jm.

In this connection it should be noted that polychloroprene resembles vulcanized rather

than unvulcanized rubber.

By interrupting the polymerization before completion, an a-polymer of chloroprene

can be obtained. This product differs from the ^-product and is soft, plastic and soluble

in benzene. The alpha product resembles unvulcanized rubber in its physical properties

and mechanical behavior. It swells in benzene to give highly viscous solutions. At
30'“ C., the plastic a-pnlyiner gradually changes into the elastic /u-polymer, and at 130° C.

the change is complete in 5 minutes. Sulfur is not necessary to bring about the change

irom the a- Pj the pL-po]ymar. The change from the lower to the higher polymer corre-

sponds tu the^ vulcanization of natural rubber. Many catalysts, such as zinc oxide, zinc

chloride, ferric chloride, and primary aromatic amines ( aniline, benzidine, etc. ) accelerate

the vulcaiiizatirm of the a-p^dymer. while secondary amines, which are among the best

anti-oxidants for natural rub'>-r, fui:cti«'n as inhibitors of vulcanization.

^

It is interesting to note that chloroprene can be readily emsulsified in water with the

aid of an emulsifying agent such as sodium oleate. The emulsified chloroprene pnly-

merizes very rapidly and completely, but the resulting polymer remains suspended and

constitutes an artificial latex resembling the latex of natural rubber. The artificial latex

can^ be stabilized with ammonia, which prevents coagulation due to the acid formed

during polymerization. I. Williams and H. W. Walker [Ind. Eng. Chem., 25, 199

1 1933 )] have shown that the polymerization in emulsions of the chloroprene-in-water or

water-in-chloroprene type with oriented polar dispersing agents, such as sodium oleate,

proceeds rapidly to /x-polymer. The nature of the polar interfaces and their distance

apart appears to be the prime factor in causing the rapid polymerization of these emul-

sions and Fiot to the increased surface of accelerating action of the dispersing agent.

A gpmular polymer (cu-pohTOer) has also been obtained from chloroprene. The

f *rma:i r. >: this polymer is initiated by light of 3130 A. wave length. The 6?-polynier

is formed as a white, coherent mass of hard granules. It is non-plastic and shows no

tendency to imbibe solvents.

Bromoprene has also l^een polymerized fW. H. Carothers, J. E. Kirby and A. M.

Collins, J. Am. Chem. Soc.. 55, 786, 789 (1933) : Rubber Chem. Tech,, 6, 323 (1933)]

and behaves similarly to chloroprene. ’ Four distinct polymers of bromoprene have b&en

obtained, namely, t'r.e plastic a-polymer, the volatile liquid i3-polymer, the granular

ai'-cl t'.:e f.r.C. product /i-polybromoprenc. These polymers are analogous to

the curresfMiiiding chloroprene polyniers.
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fanithers and Coffman*'"" have extended the investigation on the polymerization of

hhiroprene to homologs of chloroprene. The rate of polymerization of chloroprene was
fLd tobe only slightly affected by the introduction of a methyl group at the 3-position

i
Chloro-2-methyl-3-butadiene- 1,3 ) . The dimethylchloroprene, chloro-2-dimethyl-3,4-

h!tadiene-l,3,
polymerizes very much more slowly than chloroprene and not much

4ster than isoprene. Chloro-2-tetramethylene-3,4-butadiene-l,3 also polymerizes very

duwly The authors reach the conclusion, that the methyl group is not an activating

4uup since butadiene, isoprene and 7-dimethylbutadiene polymerize spontaneously at

-bout ’the same rate. Since chloroprene, however, polymerizes about 700 times as fast as

4)prene, the chlorine atom has a powerful activating effect. From the respective rates

if polymerization of 3-methyIchIoroprene and 3,4-dimethylchIoroprene the retarding ef-

fect of a methyl group in the 4-position is shown.

The rate of vulcanization of chloroprene plastic polymer, and the state of vulcaniza-

tiun and physical properties of the vulcanizates are affected by metallic oxides, such as

line oxide and magnesia, by small amounts of sulfur and by certain acid softeners such

Is rosin. The best results are obtained when the above materials are used in specific

combinations with one another. [E. R. Bridgwater and E. H. Krismann, Ind. Eng.
25 , 280 (1933)].

The resistance of Duprene to oils, acids, alkalies and other chemicals has also been

studied [0. M. Hayden and E. H. Krismann, hid. Eng. Chem., 25 , 1219 (1933) ;
see

also E. R- Bridgwater, Ind. Eng. Chem., 26, 33 (1934)].

Considerable work on synthetic rubber has been done in Russia. It has been reported

tliat four factories for the manufacture of synthetic rubber are now in operation in

Russia and that two other plants are under construction. The basic raw material which

is being used for the manufacture of the synthetic rubber is alcohol derived from pota-

tl«s. Recently it was announced that a new process had been worked out for obtaining

alcohol from peat. A method for making synthetic rubber from acetylene has also been

announced. The latter synthetic rubber is reported to excel synthetic rubber obtained by
other methods. Extensive details of the method used in preparing synthetic rubber in

Russia have not been published. The following is quoted from Rubber Age (A". V.J,

34, 171 (1934) :

“Definite progress in the production of synthetic rubber in Russia was made during

1933, according to authoritative reports from Moscow. Attention has been devoted

chiefly to butadiene rubber, of which hundreds of tons have been made. Tires from
such rubber are said to have given mileages up to 27,000 kilometres on Russian roads,

and a large new factory for the production of the rubber is being built at Yaroslav.

“The butadiene is made by a method developed by Lebedeff, which consists in passing

ethyl alcohol under a slightly reduced pressure over a mixed dehydration-dehydrogenation

catalyst, such as a mixture of alumina and zinc oxide. The yield is stated to be 20 per

cent (34 per cent of the theoretical). Butadiene is isolated from the reaction products

by absorption in kerosene or turpentine, after first cooling to — 5° C. in order to remove
higher boiling material.

“Semi-large scale work is in progress on the recovery of butadiene from gas, obtained

by the pyrolysis of oil, which is supplied to Leningrad and Moscow. Polymerization of

butadiene in 70 per cent concentration is effected by means of metallic sodium. It is

stated that the synthetic rubber has a wider temperature interval of elasticity than

natural rubber
; it will suffer lower temperatures without hardening, and at temperatures

up to 80° to 100° C. it does not soften, but rather becomes somewhat harder. It can

be reclaimed like natural rubber.”

Special Part

Methods for the Preparation of Butadienes
A description of the methods for the laboratory and commercial prepara-

tion of the butadienes is beyond the scope of this book. The most important

methods of formation, methods of preparation, and literature references, will,

however, be outlined briefly.^®^

Butadiene, CH2— CH— CH= CH2
Am. Chem. Soc., 54, 4071 (1932). S. P. Schotz, “Synthetic Rubber,*’ Ernest

Benn, Ltd., London, 1926, where numerous
Details^ of the preparation of the butadienes illustrations of the apparatus used are also
and their polymerization products are given in given.
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1. lirytlirite is heated with formic acid (butadiene is therefore called

2. N-iiiethylpyrrolidine or aniinocyclobutaiie is exhaustively iiiethvl-

ated to produce very pure products.

3. ^Mixtures of acetylene and ethylene are passed through heated tubes,

giving butadiene, according to Berthelot^'^^

4. In the Elberielder process (method of preparation phenol is by-

drugenated to hexah}'(irophenoI and oxidized to adipic acid with opening of

the ring. The diamide of adipic acid, when subjected to the Hofmann re-

action, gives 1.4-butylenediamine. Exhaustive methylation'^and distillation

of tile di-qiiateniary ammonium base gives butadiene.

5- According to Harries,^*^" secondary butyl alcohol is converted to butene,

then to butene dibromide, which is decomposed with heated soda-lime into

butadiene and two mols of hydrogen bromide (method of preparation j.

iMatthews and Strange proceed from primary butyl alcohol which is obtained

by fcnnentatioii. Eliminatiun of water gives l,2-])utene, the catalytic re-

ar rangenieiit of which gives 2,3-butene, etc.^^®

6. Acetaldehyde is converted to aldol, which is then hydrogenated with

the splitting ott of water.

7- By the hydrogenation of coal and carbon monoxide under certain con-

ditions, the lower members of the saturated and unsaturated hydrocarbon
series are produced in large quantities. This process offers a cheaper method
for obtaining butadiene and isoprene.

Isoprenc (2-mcthylbiitadiene

)

1. Tilden^^^ discovered that isoprene could be formed by the distillation

of rubber or by passing turpentine vapors through red hot tubes (method of

formation j.

2. Turpentine oil or limonene is decomposed in the vapor phase in con-

tact with a heated platinum gauze (isoprene lamp), according to Harries3^*'

or in vacuum, according to Staudinger and Klever.^^^ By the latter modifica-

tion, the yield is raised from 40 per cent to 60 per cent. Commercially, this

method is too expensive. It is a convenient laboratory process, but does not

yield a completely pure product.

3. A laboratory method for the preparation of the purest isoprene in-

volves the conversion of 2-methyItetrameth3dene- 1,4-glycol to the cor-

responding dibromide, followed hy treatment with tertiary bases.

4. The Elberielder process of F. Hofmann and K. Coutelle starts with

para-cresol, which is li}^drogenated to meth^dcyclohexanol, from which metlivl

adipic acid is obtained by oxidation. The diamide of this acid is converted

to the diamine, which is exhaustively methylated as in the preparation of

butadiene. Distillation of the di-quaternary base gives very pure isoprene.^^^

5. By the process of IMerling, acetylene is condensed with sodium acetone

and the resulting methyl butinol is hydrogenated to methyl butenol, from

ilenii:nser. Jnn. chim.. (tU, 7, 216 (1886);
y'kuTiau chim., (D, 17, 234 (1899).

Cianiician and P. Magnaj?hi, Gazz. chini.
itjL, 15, 485 (18S5): Ber., 18, 2080 (1885).

3S, 1993 {1905).
Amt. chim., (4), 9, 466 (1867).

»««Ger. Pat., 231,806, Class 12-o (1909);
__FCc.irj::der.y^'Forischnit& 10, 1014.
Harrit-, *' Untersuchungen p. 164, 165.

Schotz, loc. cit., p. 124.
Chem. A’ezvs, 46, 120 (1882); J. Chem. Soc.,

45, 410 (1884).
Harries and Gottlob, Ann,, 383, 228 (1911)

and Harries, “Untersuchungen p. 142.

Ber„ 44, 2212 (1911).
C. Harries and K. Neresheimer, Ann., 383,

167 (1911).
«3Ger. Pat., 231,806, Class 12-o (April 9, 1909).



PREPARATION OF BUTADIENES 251

which isoprene is formed by the elimination of water.^i^ This is an excellent

complete synthesis.

6. The conversion of isopentene dihalides into isoprene was studied by
Ipatiew^^^ and Harries, and extended to the entire pentane fraction of

netroleiini by A. Holt, in the laboratory of Badische Anilin-und Soda-

fabrik.®^^ The latter commercial process is especially noteworthy today be-

cause of improved cracking processes, and also because it shows the relation

between normal pentane and isoprene.

Isoprene prepared by the various methods shows very different degrees

of purity.^^®

The purest isoprene^ prepared by Harries and Neresheimer, according to

the above method 3, by means of trimethylamine, has a boiling point of 33.5®

to 34° C., specific gravity (21®) = 0.6804; refractive index {D/2l^) =
1,42267. The Elberf elder isoprene obtained according to method 4 is just

as pure.

Piperylene (l-methylhutadiene

)

Up to the present time, this compound has received less attention than any
enumerated in this section.

1. A. W. V. Hofmann showed that piperylene is obtained by the ex-

haustive methylation of piperidine.

2. Ethylmagnesium bromide is added to acrolein, and water is eliminated

from the resulting pentenol by means of phthalic anhydride, according to

Harries and Schonberg.®^^

3. Two mols of ethylmagnesium bromide are added to ethyl formate,

and water is eliminated from the resulting diethylcarbinol to produce pentene.

Pentene dibromide is then formed, and 2 mols of hydrogen bromide are re-

moved to obtain piperylene.^^^

2,3-Dimethylhutadienc

The starting material isf pinacone, which is readily obtained by the reduc-

tion of acetone with magnesium amalgam or aluminum amalgam.^-- The
removal of two mols of water (see p, 244) takes place in one step, according

to F. Hofmann, Meisenburg, and Delbriick, when pinacone vapors are passed

over heated potassium bisulfate ; or when the vapors are passed over heated

day in a vacuum, according to a patent of the Badische Anilin -und Soda-
fabrik.323 earlier methods of Couturier (heating with dilute sulfuric

acid) as well as those of Kondakoff and of Harries, which utilized the

dichloride of pinacone, can today be considered commercially obsolete.

®«Ger. Pat., 246,241, Class 12-o (1910);
Fricdliindcr, “Fortschritte ” 10, 1013.

prakt. Chem., (2), 55, 4 (1897).
™Ger. Pat., 243,075 and 243,076 (1910).

Pat., 275,199; Friedldnder, 11, 808 and
Ger. Pat, 263,017; Friedldnder, 11, 810
(1912); Ger. Pat., 264,008 (1911); Fried-
lander, 11, 807; cf, also, Holt, Chem.-Ztg.,
38, 188 (1914).
cf. Harries, “Untersucliungen. Table
on p. 161.

* Translator’s Note. H. J. Waterman and
H. A. Van Westen IRec. trav. chim., 48,

1084 (1929); Chcm. Abstracts, 24, 824
(1930)1 have determined the properties of

pure isoprene. The following constants are

given: b.p.762 34.5‘’*35.0“ C. ; d'®, 0.6806;

Np, 1.4194, mol. refraction, 25.29.

14, 665 (1881).
320 395, 243 (1913).
321 Rec, trav. chim., 25, 206 (1906) ; Chem.

Zentr., 77, II, 748 (1906).
Rec. trav. chim., 25 , 206 (1906); Chem.
Zentr., 77, II, 748 (1906).

323 Ger. Pat., 235,311, Class, 12-o, 19 (1910);
Ger. Pat., 256,717, Class, 12-0, 19 (1912).
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Polymerization of the Butadienes and the Ozone Degradation of

Artificial Rubber

Introduction

Harries has made a contribution of considerable scientific and technical

imoortance in classifying the artificial rubbers. Such a classification is diffi-

cult because reactions of fundamentally different types are involved in the

formation of artificial rubber. For e.xample, polymerization by one method

leads to the formation of carbon linkages with the double bonds in the 1.4-

nosition (normal rubber), while polymerization according to another method

sodium process) produces polymers with a different orientation of double

bonds, accompanied perhaps by partial cyclization o the molecule. The

nroblem is further complicated bv the fact that artificial rubbers, polymerized

by the same method, may differ in the degree of polymerization and there-

fore in the size of the unit molecules. This phase of the problem is not well

understood Again, synthetic products which in their chemical nature are

of the^ame polymeric type, may differ in their colloidal nature and degree of

association. .Another factor greatly influencing the properties of the re-

action product is the particular butadiene (methylbutadiene, etc.) chosen for

Dolymerization. Finally, polymerization proceeds to varying extents^, so that

in any one product we' are dealing with a mixture of polymers differing in

degre'e only, as in the case of natural rubber. Under certain conditions, the

products may have their properties so changed by traces of admixed oxida-

tion products that thev are no longer recognizable as synthetic rtibber.^^^ For

this reason, only analytically pure synthetic rubber samples can serve for the

degradation and for the determination of the fundamental properties of a

^^?taufhSer established the interesting fact that dust-free, polymerized

i^nprene rubber, prepared with extreme care, is optically void (Tyndall

phenomenon I under the ultra-microscope. In all probability the luminosity

observed ^yith natural rubber is due to contamination ivith foreign siih-

*^tancos

.According to Harries, the term “normal” synthetic rubber is applied te

those substances which have the same structural plan as natural rubber

Thev therefore contain one double bond for each butadiene or methylatea

butadiene and are degraded by ozone in such a way that 1,4-dicarbonyl com-

pounds are formed I in the case of isoprene rubber, levulmic aldehyde or its

oxidation product, levulinic acid CH 3— C— CHo CH2 C OH {see

p. 212). II II

After the decomposition of the ozonide, these 1,4-dicarbonyl compounds, such

as levulinic aldehvde, succinic dialdehyde, and acetonylacetone, are easily

recognized by means of the pyrrole reaction, which produces a red color on

a pine splint "introduced into the vapors obtained by heating the solution con-

taining the decomposition products with ammonium acetate.*-® The pre-

requisite for the formation of 1,4-dicarbonyl compounds is the recurrence ot

a double bond after each fourth carbon atom in a carbon chain.

«« Compare Harries,

®^'^\ddres5, I>«sseldorf. Ber., 59, 3019 ( 1926).

Untersuchungen " *26 Methylpyrroje is also formed from leviita

aldehyde and ammonia with the ’oss of

molecules of water.
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If the double bonds are otherwise situated, or are removed by ring closure

Icvclization), an abnormal rubber results. These changes are recognized by

a decrease
in the number, or by the total absence, of 1,4-dicarbonyl compounds.

In this case the pyrrole test is faint or negative. Other decomposition prod-

ucts are then formed instead of 1,4-dicarbonyl compounds and these have not

been identified, for the most part, and are largely included under the term

“resin, although some of the products may actually be formed as resins.

The expression ‘hiormal,'' when applied to artificial rubber, therefore im-

plies that its structure, in general, is
,
analogous to that of natural rubber.

Since we learn nothing regarding the size of the rubber molecule from the

ozone degradation, differences in molecular size may also exist even between

various normal polymers of the same butadiene {see polymerization by heat,

and by sodium and carbon dioxide).

Harries employed the reaction with bromine (the so-called tetrabromide

method), and the formation of nitrosite C, for the characterization of arti-

ficial rubbers. We have already seen (p. 241) that dimyrcene, as well as rub-

ber, forms nitrosite C. Gutta-percha and normal artificial isoprene rubber

also form nitrosites, so that the reaction is not at all specific. An abnormal
rubber may nevertheless be distinguished by a change in the behavior of

the nitrosite reaction. The same considerations hold true for the tetrabromide

method, which does not involve a single chemical reaction, but proceeds with

the evolution of moi'e or less hydrogen halide. Unfortunately, the determina-

tion of the iodine number has not been used by Harries for differentiation of

artificial rubbers, although it is very useful. L. Hock and G. Fromandi,^^^

in working with artificial rubbers, determined the Kemp-Wijs iodine number
for a “normal’' isoprene rubber and for a sodium-isoprene rubber, and in both

cases obtained a value for the iodine number which was only one-half the

value for natural rubber. From this it follows that the isoprene rubber em-
ployed by them (the rubber was supplied by the Siemens Laboratory) was not

“normal” according to our definition, but was extensively cyclicized. The
cyclization processes which were systematically investigated by Staudinger

\scep. 189) for natural rubber deserve the greatest attention in the prepara-

tion of artificial rubber. Cyclization cannot be avoided at higher polymeriza-

tion temperatures or with certain catalysts. As cyclization proceeds beyond
a certain degree, the resulting product differs more and more in its chemical

properties from natural rubber.
Molecular weight determinations on artificial rubber were carried out by

L Hock and G. Fromandi, who, like Pummerer and Nielsen, worked
with solutions of rubber in menthol (Rast method). The investigation was
conducted only with quite concentrated solutions (one part rubber to seven

parts menthol). The isoprene rubber referred to above as ‘‘norniaT’ and the

sodium-isoprene rubber gave values of 2,670 and 3,020, respectively, while

a lower value (2,500) was obtained with natural rubber.
The above authors found that a two per cent solution of natural rubber

in decalin was cyclicized by silent electric discharge. This change was evi-

denced by a gradual decrease in the iodine number and the viscosity. When
four per cent solutions of the two above-mentioned artificial rubbers were
subjected to the silent electric discharge, the iodine number and viscosity at

first increased, thus manifesting an approach of these properties toward those
of natural rubber. A subsequent decrease in the iodine number and viscosity

indicated cyclization.
G. Fromandi, Kolloidchem. Beihefte, 27 » 189(1928).
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111 the following pages are presented the methods of preparation of a num-

],er of artificial rubbers made by Harries. These rultbers are described and

classified according to their constitutions, insofar as these have been eluci-

dated by him through ozone degradation. Literature references to some of

the more recent polymerization procedures are included, the criticism of which

has been omitted because of lack of perspective in the field.

Normal Types of Artificial Rubber

Xormal Isoprene Rubber (CsHg)!

1 Polxmerication of Isoprene with the Aid of Heat, according to Hof-

mann and Coutelle. (Repeated by Harries. Pure isoprene is heated in

sealed tubes containing lOcc. each. The time required for the contents of the

tube to become viscous depends upon the temperature ;
e.g., 8 to 10 days

at 100^ to 110° C, 10 to 14 days at 85° C., 4 to 6 weeks at 60° C. After

heatino- for a definite time the contents of the tubes are transferred to a frac-

tioiiatim-- flask. After distilling the unchanged isoprene, any terpene present

is removed by d-'minishing the pres.=;iire to 10 mm. and heating the flask in

an oil bath at iJC” C. Polymerization at temperatures above 100° C, or

at 95° C., produces variable yields. Below 100° C., the formation of terpenes

is retarded. .

'file Badische Anilin-und Sodafabrik =*-'’ has been granted patents which

recommend the removal of the simpler products of polymerization by passing

inert gases into the mixture. It was found that the impurities which arc

tenaciously retained bv the crude product could best be removed by treatment

with steaiii in z-acuo, during which the rubber swells and more readily gives

up the enclosed particles. The temperature during this treatment must not

exceed 100° C.

The rubber products obtained in the above method by the addition ot other

substances all show' small differences, especially in vulcanization, from which

it follows that products of varying molecular weight are present, or that they

differ in their colloid chemical nature by being coarser or finer dispersions.

Thus the rubber samples polymerized with acetic acid (Harries) differ in

many respects from the rubber which is polymerized wdthout the aid of

additional substances.

Artificial rubber (prepared by the acetic acid process as well as by the

auto-polyinerization process) must be dried and preserved in an atmosphere

of carbon dioxide, and must be protected from light, since the artificial ru]>

her is readily attacked by the oxygen of the air (like purified natural rubber),

and occasionally after a short time becomes friable and loses its elasticity.

The varieties which have been polymerized at temperatures above 100° C.

undergo these changes more readily than the more stable varieties prepared

at lower temperatures. The susceptibility to oxygen is perhaps related to the

cyclization which takes place at higher temperatures. Double bonds which

occur in a ring are usually more reactive than those in an open chain and, in

the case of cyciorubber, are probably more oxidizable.

2. Polymerisation with Heat and Acetic Isoprene is mixed with

an equal volume of acetic acid and is heated on the water bath in a closed

tube for about eight days at 100^° C. The oil which separates from the color-

® Harries, “Ur.tersiichungen p. 171. sso jjarries, “Untersuchungen p. ni.

® Ger. Pat,, 27I,S49, Class 39b (November 2,

1912); 273,3^9, C'.ass 39b (December 4, 1912). Harries, Ann., 383, 190 (1911).
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less solution is removed, and washed with alcohol After standing for some
time in a vacuum desiccator, the oil becomes solid and extensible. The yield

is variable, but the reasons for this were not determined. Constant yields

not obtained with any given proportion of acetic acid, whether 2 drops

or 30 cc. of acid are used with 20 cc. of isoprene. Variations in temperature

from 95° to 120° C. produce little change. Even with the addition of only

two drops of acetic acid, the liquid remains strongly acid for weeks. In

this case the rubber does not separate, but must first be freed from unchanged
isoprene which keeps it in solution. This is accomplished by distilling the

isoprene at ordinary pressure.
^

The rubber is then separated from lower
polymerization products by distillation under reduced pressure. The puri-

fication is carried out by distilling the unchanged isoprene at atmospheric

pressure, then diminishing the pressure to 10 mm. and heating in an oil bath

at 105° C. until the oily distillate no longer passes over. The tough and at

times very tacky residue is dissolved in ether, and is then precipitated with

alcohol. A white substance, transparent and nearly colorless when dry, is

produced. The properties of this product are very similar to those of re-

precipitated natural rubber. If the temperature during polymerization is kept

higher than 110° C., the polymer retains a brown color. The polymer at

first is readily soluble in ether, benzene, chloroform, etc., but on standing

for some time becomes more difficultly soluble and finally insoluble, and if

then placed in contact with the solvent, it swells to a gelatinous mass.

A sample of isoprene rubber which was prepared by heating iso])rene

{Elberfelder process) for eight days in a closed tube at 105° C, in the ab-

sence of air, was purified once by reprecipitation. With this sample, Harries

obtained analytical values which agreed very well with the formula (CsHs)^.
The isoprene used in the preparation was previously distilled over sodium.

If less care is exercised in the preparation, a product is obtained which is not

completely soluble in ether, and which, when redissolved in benzene, leaves a

residue containing several per cent of ox)''gen. The formula of the benzene-
soluble portion agrees fairly well with the formula (C 5Hs)x- When the

time of heating was extended to six weeks, Harries obtained an isoprene

rubber of which one-third was insoluble in benzene, although the product
behaved normally when ozonized.

In preparing the tetrabromide of normal isoprene rubber, it was found, as

with natural rubber, that the purer the rubber, the greater is the evolution of

hydrogen bromide. The compound C5H 8Br2 contains 70.14 per cent bromine.
For the tetrabromide of natural rubber, when analyzed by the Carius methodj
Harries obtained values for the bromine content of 55.98 per cent and 68.16
per cent. With isoprene rubber, prepared under the same conditions, he ob-
tained widely varying values of 60.75, 55.92, 65.38, 61.70 and 66.42 for the
bromine content. The bromides of natural and of isoprene rubber behave
similarly on heating. Decomposition of the bromides by heat therefore does
not distinguish between the two types of rubber. Harries and Fonrobert^^^
report analytical figures for the hydrochloride and hydrobromide of isoprene
rubber which agree well with the theoretical values, and which far exceed in

accuracy the values obtained with natural rubber by other investigators. In the

case of the hydro-iodide, a difference seems to exist between natural and
isoprene rubber, since the non-reprecipitated isoprene rubber gives a normal
hydro-iodide (C5H 8HI)x, while after reprecipitation, a product is formed con-

46, 733 ( 1913 ).
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taiiiing only one-half the quantity of iodine This work should

be repeated and supplemented by iodine values on the product obtained before

and after reprecipitation. The hydrochloride of isoprene rubber, like that

of natural rubber, ^^ave on heating a regenerated rubber (iso-rubber) which

behaved abnormally when subjected to ozone degradation. The degradation

products no longer gave the pyrrole test. The nitrosite C from isoprene riib-

fjer decomposed at a higher temperature than the nitrosite C obtained from
natural rubber. The properties and composition of the nitrosite C of isoprene

rubber are very much like those of the nitrosite of natural rubber, although

the latter corresponds more nearly to the formula (CioHi 5N307 )x. A more
detailed comparison has ])een given previously (see p. 241).

When destructively distilled under a pressure of 0.1 to 0.2 mm., both iso-

prene rubber and natural rubber behaved alike.®^^ The ozonolysis of the

fraction boiling between 220° and 260*^ C. gave no trace of levulinic alde-

hyde.

3. Oaonc Degradation of Artificial Isoprene Rnbhcr. According to

Harries, artificial isr)prene rubber behaves very much like natural rubber,

with the exception that the presence of a more difficultly ozonizable portion is

probably indicated by the fact that the ozone is consumed more slowly

towards the end of the ozonization. An ozonide (CsHsOs)^^ and an oxozonide

(C 5HsO<i)x can also be obtained from isoprene rubber. The products of

ozone degradation are the same as are those obtained from natural rubber.

Analytically pure ozonide was obtained by Harries by evaporation of the

cMoroform or carbon tetrachloride solution in vacno at 20° C., followed by

several reprecipitations from ethyl acetate with petroleum ether. With a

very pure starting material and prolonged drying m vacuo, this ozonide

solidified to a glassy material. Heated on platinum foil, it exploded. In hot

water, it first dissolved without decomposition, but after boiling the solution

it decomposed. The rates of decomposition of this and other ozonides, as

well as of the oxozonides of artificial rubbers, were determined by Harries,

and the decomposition curves were compared with those of the corresponding

derivatives of natural rubber and gutta-percha.^^® Artificial isoprene rubber

is closely related to natural rubber and gutta-percha, while sodium-isoprene

rubber differs consideraldy from natural rubber (see p. 216).
The yield of levulinic aldehy’de and levulinic acid obtained in the ozonolysis

of isoprene rubber is the same as that obtained from natural rubber. At

times more aldehyde is obtained, at other times more acid. When 11.4 grams

of ozonide were distilled with superheated steam, 3.3 grams of levulinic

aldehyde were obtained in the distillate (isolated as 5.2 grams of niethyl-

plienyklihydro-pyridazine Iw means of phenylhydrazine, (see p. 212). After

removing the levulinic aldehyde peroxide and resin (2.8 grams) by filtration,

and evaporating the filtrate, a residue of 2.2 grams of levulinic acid remained.

The oxygen evolved was calculated as 1.2 grams, giving a total loss of 1.9

grams. The decomposition of the oxozonide is analogous to that of the

ozonide, but levulinic acid is produced in greater quantity. Samples of

isoprene rubber prepared from isoprene obtained from widely differing

sources and of varying degrees of purity were ozonized, and the results were

alway’^s normal. The ozonide of artificial rubber, which was obtained by

polymerization of isoprene with the aid of acetic acid, was slightly soluble in

Harries and Fonrol>ert, lo€, cit., also Harries, 33® Harries, Ann., 383, 203 (1911).
“rntersMcImngen p, 177.

'** Harries, 383, 198 (1911). Harries, ‘‘Untersuclningen p. 20S, 231.
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petroleum ether and yielded the sanie decomposition products as the ozonide

Qt normal isoprene rubber, but in slightly different amounts.

Definite decomposition products other than those named above do not ap-

pear in the case of isoprene rubber. Steimmig,^’^'^ however, found acetonyl-

acetone among the decomposition products. This could be formed by the

tinsymmetrical polymerization of several isoprene groups, according to the

following illustration

:

cm

-CH.— C= CH- • CH.— ca— CH:

cm cm
I

I
:

: c - CH.- CH,- C = CH - cm
II III

in which the middle isoprene group is combined so that its methyl group is

in the 3-position, while in the case of the first and third isoprene groups,

it is in the 2-position. When degraded by ozone, II and III above would
produce, instead of levulinic aldehyde, a different 1,4-dicarbonyl compound:
namely, acetonyl acetone,

CHa CHa
I I

o = c — cm.— cm—c = o

the typical decomposition product of methyl rubber, as we shall see later.

In addition, succinic acid is produced by cleavage at I and 11. Steimmig
considered the formation of acetonyl acetone to be indicative of a structural

difference between isoprene rubber and natural rubber. Harries showed,
however, by means of very carefully conducted experiments, that the iso-

prene employed by Steimmig was not entirely pure, and that in the polymeri-

zation of the purest isoprene, only traces of acetonyl acetone were formed.
From 68.3 grams of ozonide, he obtained only 0.16 gram of acetonyl acetone

and 0.6 gram of succinic acid. This controversy is very instructive. Im-
purities in the isoprene can also be polymerized and thus yield impurities in

the final product. They can also interfere with the usual polymerization

process, and to some extent cause the formation of other polymers from
isoprene.

By heating isoprene at higher temperatures, dipentene, a cyclic terpene of

the formula CioHie, is produced as a by-product.^^® From freshly prepared
rubber obtained in the polymerization of isoprene with heat, Harries could

identify only a small quantity of the by-product, dipentene. However, he.

observed an oil having the odor of myrcene and a boiling point of 63® to 65°

C. at 14 mm. pressure, which may possibly be an open chain terpene, CioHib.
4. Polymerizatian without Heat, After the discovery of the process for

polymerizing isoprene with the aid of heat, attention was again directed to

the much discussed statement of Bouchardat and Tilden that isoprene forms
rubber on standing in a closed flask at room temperature. Harries demon-
strated that larger quantities of pure isoprene remained unchanged for sev-

eral years. On the other hand, Pickles,^^^ in 1910, using Harries’ method
for the identification of rubber ( tetrabromide, nitrosite C), showed that a
sample of isoprene, preserved for three years, contained a certain amount of
rubber. In 1916, Harries obtained more of such a product which was ob-

tained without the aid of heat. ,A flask containing isoprene which had been
stored for some time became unsealed and started to leak around the glass

47, 350, 852 (1914). For the structural formula, see p. 185.
^Ber,,47f 573, 1999 (1914); 48

, 863 (1915). Chem. Soc,, 97 , 1085 (1910).
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stopper. The isopreiie had not completely evaporated, but had formed a soft,

colorless, rubber-like film around the stopper and on the flask. Probably

the oxygen of the air (perhaps other catalysts) is necessary for the polymeri-

zation \vithout heat, since oxidation products of rubber, limonene, and other

liydrocarbons have already been proposed as catalysts for the polymeriza-

tion of isopreiie with heat. Polymerization under the above conditions is a

method of formation and not a practical process for the preparation of the

polviner. It seems very probable, however, that with suitable catalysts, iso-

prene rubber can be manufactured without heat, and that the polymerizate

mav possess many advantages. The danger of cyclization under these condi-

tions is less than when heat is used to polymerize the isopreiie.

Harries was able repeatedly to obtain and investigate the rubber-like prod-

uct formed by polymerization without heat. It differs distinctly from the

polymer obtamed with the aid of heat, since it remains soft and tacky and

possesses no nerve. It is dissolved more readily by the usual rubber solvents

than is the polymer obtained with the aid of heat, and remains soft and tacky

after reprecipitatioii from benzene by alcohol. On heating in vacuo at 100"

C., it liberates small quantities of terpeiies. A yellow, transparent mass re-

mains, which has little resistance to tear and produces an ozonide, which, on

decomposition, yields essentially levulinic aldehyde and levulinic acid, the

latter, however, in “abnormally large” quantities (8 times the amount of

aldehyde K The high rate of decomposition of the ozonide is also abnormal;

but from its chemical properties, the product must be classed as rubber

I from the ozone degradation, and the formation of the nitrosite and the

tetrabromicle). The mechanical properties and the solubility of this polymer

vary considerably from those of isopreiie rubber produced with the aid of

heat and from those of natural rubber. The polymer obtained by Kondakoff

from dimetbylbutadiene without heat differs chemically even more from the

i'^oprcne polymer obtained with heat.

3. Sodiiini-Carhon Dio.ridc-Isoprcnc Rubber. The sodium-carbon diox-

ide nibber prepared by A. Holt of the Badische Company, can ])e re-

garded as a riibljer with a particularly high molecular weight. It is possible

that the slight soluhility of the polymer is related to the uniform, fi]:)er-]jke.

parallel arrangement of the molecules, which are formed on the sodium wire.

This compound must also be classed among the normal types of rubber.

In an address delivered before the Heidelberg Chemical Society, Holt^^-

reported that it is produced by prolonged shaking of isoprene with sodiam

wire in a conmletely dry atmosphere of carbon dioxide. It was found
necessary to exclude all traces of moisture, because when small quantities of

water are present, another product is formed, which possesses more nearly

the properties of the so-called “abnormal” sodium-isoprene rubber {see p.

2^"i4 n To prepare the sodium-carbon dioxide-isoprene rubber, a tube pre-

viously drawn out to capillary size is filled with 20 cc. of isoprene previously

distilled over sodium. Three to four pieces of sodium wire about 40 cm.

long are added, and a dry stream of carbon dioxide is passed through the

tube for about three minutes, after which the capillary is quickly sealed.

The tube is then heated on the water bath at 60° C. for a period of two to

three weeks. The sodium becomes covered with a black porous worm-like

mass, while the isoprene completely disappears. The reaction takes place

almost quantitatively^ To purify the product, the rubber is suspended in

38, 188 (1914). mig, Ber., 47, 350 (1914).
38, 199 0914); see also Steim- Harries, “Untersuchungen p. 190.
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dilute alcohol, in which the sodium dissolves, and from which the product

is obtained as a beautiful white solid. This product is insoluble in all sol-

vents and is similar to the white product which is formed when isoprene is

polymerized by ultra-violet light. It must be carefully preserved with ex-

clusion of air, else it is converted in a short time to a soft, tough, brown mass
which is soluble in certain solvents. This sodium-carbon dioxide rubber

therefore behaves similarly to the white polymer obtained by Kondakoff in

the polymerization of dimethylbutadiene without heat (see p. 262).
Sodium-carbon dioxide-isoprene rubber is related to normal isoprene rub-

ber, since, according to Holt,^^^ the decomposition of the ozonide with water

yields the same products which are obtained by the ozonolysis of normal
isoprene rubber. The sodium-carbon dioxide-isoprene rubber is therefore

also related to normal isoprene rubber,^ No further data on sodium-carbon
dioxide-isoprene rubber have been published to date.

>Jormal Butadiene Rubber

According to Harries, the polymerization of butadiene is less easily

accomplished than the polymerization of isoprene. After heating butadiene

for 10 days at 100° to 103° G, alone or with acetic acid, most of the hydro-

carbon remains unchanged. After heating for ten days at 110° to 120° C.,

a reaction has taken place. At 105° C the polymerization rec[uires about

four weeks. Below 100° C. several months are required, but under these

conditions the best product is obtained in the form of a white, transparent, ver}'

tough substance. The polymerization is best conducted without the addition

of acetic acid.

The butadiene rubber prepared at 110° to 120° C. was first heated in

vacuo 100° to 110° C. by Harries to remove the butadiene-terpene which
was also formed during the polymerization. This terpene is formed from
two molecules of butadiene according to the following scheme

:

CH2----CH.
/ \

HC CH — CH=:CH2 ->

\ /
CH CHo

CH, CH2

HA ^CH - CH = CH=
\ /
CH CH,

Ozonization of the terpene yielded butanetricarboxylic acid.^'^‘^ The terpene

had the following physical properties : B.p. 36° C. at 23 mm.
; dl^= 0.8523 ;

n]f =z=IA6768. The composition corresponded to the formula CsHi 2 .

The residue of butadiene rubber which remained after vacuum distillation

was very difficultly soluble in the usual rubber solvents. xAfter extraction

with boiling benzene it was analyzed. The composition corresponded to the

formula (C4H 6 )x except for the fact that the carbon value was 2 per cent

low, which is not surprising in view of the slight purification possible. Solu-
tion in carbon tetrachloride (80 to 100 cc. for 1 gram of rubber) was finally

accomplished by heating and shaking in a sealed tube at 80° G for twelve
hours in an oven. If the butadiene is polymerized at lower temperatures, the

resulting rubber is somewhat more soluble.
The tetrabromide of butadiene rubber does not give constant analytical

values (see the values for isoprene rubber, p, 255). The nitrosite corresponds

^Loc. cit 3'‘6F. Hofmann and L. Tank, Z. angew. Chern,,
“Harries, Ann,, 383, 206 (1911). 25, 1465 (.1912).
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to the (

C'J "rhe ozonization in carhon tetrachloride pro-

duced only a small quantity ot the ozonide (50%), which was precipitated as

a g:eiatiimis mass. The solution was evidently not analyzed. The ozonide is

insoluble and explosive, and is difficult to decompose with boiling water. The
decuiiipusition of the ozonide is accompanied by the evolution of a gas. No hy-

drogen peroxide could he found among the decomposition products; but con-
H H

I
1

siderabie quantities of succinic dialdehyde, O— C— CH 2 — CHo — 0= 0,
were detected by the pjyrrole test. Succinic acid was also detected among the

products. Two grams of the phenylhydrazone of succinic dialdehyde, corre-

sponding to about 0.6 gram of the aldehyde, were obtained from 9.5 g. of the

ozonide. An attempt to determine the amount of succinic acid formed was
unsiiccessfiil. The two decomposition products point to a normal polymeriza-

tion of butadiene according to the following formula, with double bonds
recurring after each fourth carbon atom.

CH,— CH = — CH = CH — CH. — CH.— CH CH-~CH,
I II III

The decomposition by ozone at the double bonds I, II, and III in this case

results in fragments with four carbon atoms, while in the similar decomposi-
tion of isoprene rubber, products containing five carbon atoms are formed,

and in the decomposition of dimethylbutadiene rubber, sui)stances with six

carbon atoms are formed. From a historical standpoint, the ozonide is in-

teresting because of its similarity in appearance and rate of decomposition
to the ozonide of cyclo-octadiene. This similarity led Harries to conclude

at the time of his experiments that the eight-membered ring formula for

rii]>ber had been proved. (See p. 215.)

Normal Dimethylbutadiene Rubber

I. Polymerbation zeith Heaf (Commercial Methyl Rubber), By far the

best process for the polymerization of dimethylbutadiene with heat is that of

Hofmann and Coiitelle (previously described), which was utilized com-
mercially by Farbenfabriken vorm. Friedrich Bayer & Company during the

war. The polymerization of dimethylbutadiene with acetic acid gives a

tacky, yellow product of little value. The polymerization of dimethylbuta-
diene ( at least with the aid of heat) takes place more sluggishly than the

polymerization of isoprene, according to Harries. The polymer obtained
from dimethylbutadiene without the aid of heat (Kondakoff) and its yel-

low, resinous transformation product are readily produced; but the ozone
degradation of this polymer does not give the usual results (see p. 262).

In order to characterize methyl rubber, Harries used a polymer which was
obtained by heating dimethylbutadiene for a period of 23 days at 100° C.

From 50 grams of the starting material, he obtained 16 grams of rubber

and very little of terpeiie compounds. The remainder was unchanged di-

niethylbutadiene. The rubber, reprecipitated from ether solution with alco-

hol, was slightly colored, transparent, and somewhat more soluble than iso-

prene rubber. The bromide as well as the hydrohalide derivatives could be

prepared in analytically pure form, one molecule of bromine or one molecule

of the halogen acid (even HI) being taken up by each CcHio group. The

'Ber., 41 » 674 ( 1908 ).
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nitrosite had the formula CisHiaNaOr, corresponding to the nitrosite ob-

tained from isoprene rubber.

Omnde. A solution of 7.5 grams of rubber in 100 cc. of carbon tetrachlo-

ride was ozonized until the solution no longer decolorized bromine (nine

hours). Eleven grams of the crude diozonide were obtained by evaporating

the solution in vacuo (theoretical yield, 11.8 grams). Reprecipitation from
ethyl acetate with petroleum ether demonstrated that a readily soluble por-

tion (decomposition product?) and a difficultly soluble portion were present.

The difficultly soluble portion of the ozonide remained light colored when
decomposed by heating with glacial acetic acid on the water bath, while the

readily soluble portion turned brown after the same treatment. The
decomposition of the ozonide with boiling water was carried out quantitatively,

and the rate of decomposition was determined. The principal product, which
was formed in about 80 per cent yield, was acetonyl acetone of the formula

CH, CHj

O = C— CH.— CH,— C O

If the dimethylbutadiene polymerizes as would be expected according to

Thiele’s theory—by 1,4-addition at the ends of the conjugated system
(A )-

CH= CH.,

CH,= C — C— CH,-

CH, CH:,

I

•CH.— C— C = CH=--

CH. CH.
I I

— CH.-

the following structural formula B results

:

CH3 CH3 CH3 CHa
I

:
I I

: I

B < CH.— C =1 C — CH.— CH.— C zrr C — CH. - - CH. -

CH:
1

:
I

- C = C

CHa

-CH.-

normal dimethylbutadiene rubber

in which the double bonds lie between the carbon atoms having methyl groups
attached. According to this formula, acetonyl acetone, a diketone, should
be formed on ozonolysis, instead of a keto-aldehyde, which could be further

oxidized to an acid. The highest yield of a definite decomposition product
ever recorded in the ozonolysis of any rubber, was obtained in this case

(80%). The formation of acetonyl acetone shows that in the polymerization,

the double bonds have actually migrated, in accordance with Thiele’s hypothe-
sis, to the central position, between the carbon atoms carrying methyl groups.
In the cases of isoprene rubber and natural rubber, the positions of the double
bonds in the molecule cannot be determined, but their locations are deduced
from experiments such as the above, and from theoretical conclusions in

other branches of organic chemistry. The acetonyl acetone is quantitatively

determined by forming the beautifully crystalline diphenylhydrazone havdng
a melting point of 190° C.
Harries states that the crude acetonyl acetone obtained from methyl rub-

ber always reduces Fehling’s solution. It can be concluded that an aldehyde
(probably a keto-aldehyde), which has a boiling point close to that of the
acetonyl acetone is present. The amount of this by-product, which is appar-
ently only formed in small quantities, was not determined quantitatively, nor
was it isolated or identified. It results from the migration of a double bond in

B or from an abnormal reaction of dimethylbutadiene during polymerization.

Tbe oxozonide behaves in the same way when decomposed.
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2. Polymcp'hation wilhouf Heat. The white, insoluble product obtained
by Kondakoff in 1901 from the polymerization of dimethylbutadieiie in the
cold cannot, accordin,s^ to its properties, be classed as rubber. It is discu'^ser^

at this point, with the normal types of rubber, because on ozonolysis, accord-
ing to Harries, it always yields 30 to 50 per cent of acetonyl acetone. Its
chemical structure is therefore to a certain extent analogous to the product
obtained by polymerization with heat, which yields 80 per cent of acetonvl
acetone on ozonolysis. This relationship is further shown by the ease with
which ozone attacks the product of the polymerization without heat, formin<r
the oxozoiiide, if the concentration of ozone in the gas is not too dilute. The
rates of decomposition of the ozonides of the polymers obtained with and
without heat are quite dift’erent, the latter ozonide being more difficult to
decompose. In this respect, the dimethylbutadiene polymer obtained with-
out heat is diiterent from the corresponding polymer of isoprene {sec p. 258 i

The transformation of Kondakoff’s product into a plastic mass, which re-
sults from further heating to 80^ to 100° C., according to a patent of Farben-
fabriken vorm. Friedrich Bayer & Co.,^^^ does not alter the product so much
that its constitution becomes similar to the structure of dimethylbutadiene
polymerized with heat. Harries was unable to obtain more than 50 per cent of
acetonyl acetone ])y ozonolysis of the transformed product.

3. The ycllozi^ soluble resin obtained from the zvhite product rcsultuiQ
from polymerisation ivithoiit heat. The polymer obtained without the aid

heat is transformed after standing for several hours in the air to a yellow
mass which has sintered together and which is now soluble in the usual
solvents. Harries ozonized this resin and obtained 35 per cent of the theoreti-
cal quantity of acetonyl acetone.
The ozonolysis of the substances discussed above, always yields other

products which have not been identified. Among these there is an aldehyde
which is possibly formed in larger quantities than in the ozonolysis of *the

polymer obtained with the aid of heat.

X(jriiial Piperylene Rubber (1-Mcthylbutadiene Rubber)
Piperyleiie (sec p. 251) was polymerized at 105° to 110° C. in a sealed tube

for 14 days. The unchanged piperylene was distilled. The terpene formed
a l)y-product was removed in vacuo at 50° to 70° C. The product was then
dissolved in ether, precipitated with alcohol, and dried over sulfuric acid k
vacuo. The resulting rubber was fairly pure, of good quality, and similar to
isoprene rubber. It is impossible definitely to differentiate piperylene rubber
from isoprene rubber by preparing its nitrosite C or tetrabromide derivatives.
It IS easier to distinguish the piperylene rubber by preparing the ozonide,
V hich is only converted to the oxozonide with the greatest difficulty and by
the use of ozonized oxygen containing a high concentration of ozone. In the
decomposition of the oxozonide, levulinic aldehyde is not formed in sufficient
quantity to be detected as the pyridazine derivative by means of phenylhydra-
zme. The aqueous forefraction from the distillation of the solution contain-
ing the ozone decomposition products, as well as certain oily fractions, gave
the pyrrole test and reduced cold Fehling's solution. Harries and Schonberg
could not detect methyl succinic aldehyde, although it is probably formed.

» Ger. Pat., 254,668, Class 39b, 1,

Harries, “Unterstichungen . . .

.

CHs~-CH-~CH = 0
I

CH2~>-CH = 0
• „ Harries and Schonberg,
/’ p. 200. (1913).

Ann., 395, 242
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This aldehyde must be produced, if piperylene rubber is formed by the

normal polymerization of piperylene by 1,4-addition. The rate of decompo-

sition of the ozonide is decidedly lower tlian that of the ozonide of isopreiie

rubber.

Abnormal Types of Artificial Rubber (Sodium Rubbers)

According to K. Ziegler and H. the mechanism of the polymeri-

zation by means of sodium or potassium can be explained, by assuming that

through addition of potassium to butadiene, a 1,2-dipotassium derivative is

lirst formed, which then adds to a second butadiene molecule in the 1,2-posi-

tion. The new substance then adds a third butadiene molecule in the follow-

ing manner

:

KCH= ^Chh
I I H II

I I

CH CH CH
I! II II

CH. CH. CH.

According to this scheme, a long chain containing vinyl groups as substituents

is finally formed. This explains the variable results obtained in the ozonolysis

of sodium rubber.

Sodium-butadiene Rubber

The polymerization of butadiene by means of sodium (see p. 242) is carried

out as follows ; Sodium wire, together with the hydrocarbon, is placed in a

sealed tube. The butadiene is polymerized to a solid mass in a short time

when the tube is heated on the water bath at 35° to 40° C. At room tempera-
ture the process requires a longer time. To obtain the product, the tube, in

which no pressure exists, is opened, and the reaction product is washed with
alcohol to remove the sodium. The rubber assumes a light yellow color after

washing. In the freshly prepared condition, the sodium-butadiene rubber is

readily soluble in ether, chloroform, and benzene. On standing, especially if

milled (slight auto-oxidation) the rubber becomes less and less soluble in the

above solvents. The rubber swells readily in the usual organic solvents, and
produces very viscous solutions on standing for some time in contact with
the solvents. The analysis indicates the formula (C4H 6 )k- The dibromide
contains 68.7 per cent of bromine, instead of 74.7 per cent, which is the cal-

culated amount for the formula C4H 6Br2 . The calculated bromine content
for a monobromide corresponding to the formula (C4H6Br)x, is 60 per cent.

The nitrosite of sodium-butadiene rubber behaves differently from those pre-

viously described. It forms as a yellow precipitate, but does not become
soluble in ethyl acetate or acetone after standing in contact with nitrous acid

for days. It varies considerably in composition, and has a nitrogen content
of 12 to 13 per cent.

Matthews and Strange polymerized butadiene in the vapor phase with
sodium wire as catalyst. Sodium alkyls alone or in a mixture with zinc

alkyls, as well as amalgams and colloidally dispersed metals (Hg, Ag,

61, 253 (1928). Badische Anilin- und Sodafabrik, Brit. Pat.,
Harries, Ann., 383, 213 (1911). 5,667 (1912).
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P(,
..-sM were also suggested as catalysts in the place of the alkali metals.

Idnally, sodium rubber itself and sodium-carbon dioxide rubber were pro-

a chloroform solution of sodium-butadiene rubber is

feated with ozonized oxygen containing 6 to 7 per cent of ozone, an oily

ozonide (remaining in solution) is obtained With a concentration of 12 to

14 per cent of ozone, a solid, very explosive ozonide is precipitated, which

must be washed and dried with great care. If the ozonide is allowed to stand

under ether for a long time, there is less danger of explosion. In the forma-

tion of either of these two ozonides, the ozone absorption required an

almormally long time. The ozonization of two grams of the rubber required

10 hours when the less concentrated ozone gas was used, and 3 hours with the

hicrher concentration of ozone. Ethyl acetate or glacial acetic acid dissolves

the oilv, but not the solid, ozonide. The composition of the oily ozonide

corresponds approximately to the usual formula (CiHeOs)^, while the solid

ozonide shows the surprisingly high carbtm cogent of 50 5 per cent.

fC HoO- contains 47 per cent carbon, while C8H 12OS contains ol.5 per cent

carbon.)” Some of the double bonds of the solid ozonide have not been at-

tacked' despite the fact that a high concentration of ozone was used, from

which Harries concluded that a conjugated system of double bonds is present

in the original rubber. Such a system of double bonds in general reacts more

slowly with ozone, and readily forms mono-ozonides.®®® On drying, the oily

ozonide passes into a slightly explosive, porous, white, solid mass which on

hydrolysis gives only a faint pyrrole test, but gives a test for hydrogen pero.x-

ide The rate of decomposition is abnormally high and can hardly be meas-

ured. .hmonsr the decomposition products, only glyoxal tvas identified by

means f n'm-nylh.vc'.razine and semicarbazide. The formation of glyoxal also

points to a conjugated system of double bonds.

Sodium-isoprene Rubber (CoHs)!

Isoprene is polymerized by sodium with greater difficulty than butadiene

and must be very* pure in order to allow polymerization.* An almost theo-

retical yield uf solid rubber is obtained by the polymerization of pure isoprene

in a sealed tube at 60° C. within a period of 50 hours. Harries conducted

his investigation with a sample of less pure isoprene obtained from carvene.

He allowed 0.2 to 0.5 gram of fine sodium wire (40 to 80 cm. in length)

to react with 10 grams of isoprene at 60° C. for a period of four to

five days. An analytically pure product is obtained by dissolving the product

in ether and precipitating it with alcohol. Sodium-isoprene rubber is dis-

solved more readily than normal isoprene rubber by the usual solvents. Its

physical-mechanical properties are very similar to those of normal isoprene

rubber. The sodium-isoprene rubber on pulling stretches out into rather

broad bands while the normal isoprene rubber when pulled assumes a stringy

form. The two rubbers differ chemically in various ways. The greatest

S54 Farfienftiljriken vorni. Fr. Bayer & Co., Ger.

?a:.. 2o4>59 fl918J.

« Badisdie Anilin- und Sodafabrik, Ger. Pat.,

294,816 (1917).

» Harries, Ann., 374, 304 (1910).

* Translator’s Note. Midgely and Henne [J.

Am. Chem. Sac., 51, 1294 (1929)} have_ re-

cently polymerized isoprene under conditions

which normally produce “sodium rubber,”

They succeeded in stabilizing the dimer of

isoprene and isolating the partially hydro-

genated dimer. Pure isoprene was treated

with sodium and alcohol. The reaction resulted

in a mixture of three isomeric dimethyl ocia-

dienes, namely 2,6-, 2,7-, and 3,6-diinethyI*

2,6-octadienes. The formation of these coni’

pounds bv polyrrerizatirr. and reduction of

iudichus iba'. :hr mechanism of the

otiiMiieri/.r.iitm of {.-(.n-L-ne by means of sc^iuia

involve^ the i'. ining of a large number of

prene groups by linkage of the 1,T, the l»4*i

or the 4,4-carbon atoms with formation ot

long chain molecules.
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difference is shown in their behavior toward ozone, while the dibromide of

sodiimi-isoprene rubber is very little different from the corresponding normal

rubber derivative. The former contains 68 per cent of bromine (the cal-

culated value for CgHsBro is 70.1 per cent). The nitrosite of sodium-isoprene

rubber is not a uniform substance. The greater portion of this nitrosite is

difficultly soluble in ethyl acetate but more readily soluble in acetone, while

the remainder is insoluble in acetone. The main fraction of the nitrosite is

yellowish-white, becomes light brown when heated to 170® C., dark brown at

180° C, and undergoes no further change when heated to 260® C. The
composition of the nitrosite differs considerably from that of nitrosite C and

varies widely from that expressed by the formula (CioHi 6N205 )x.

O^onide. Sodium-isoprene rubber always contains some admixed normal

isoprene rubber, because the polymerizing action of sodium at 60® C. (the

usual temperature of polymerization) is slow, and at this temperature some
isoprene rubber is produced by the polymerizing action of heat. The presence

of normal isoprene rubber can be observed in a study of .the ozone decompo-
sition products of sodium rubber (faint pyrrole test, isolation of small quan-

tities of levulinic aldehyde). When 5 grams of sodium rubber dissolved in

60 cc. of carbon tetrachloride are ozonized for 10 hours (a long time is re-

quired) with oxygen containing 12 to 14 per cent of ozone, the main portion

of the ozonide is obtained as a white, gelatinous substance. When filtered

and washed with ether, it becomes solid and crumbly. It is purified by dis-

solving in ethyl acetate (which does not dissolve it entirely), and precipitating

with ligroin. The ozonide contains 3 per cent more carbon than the value

fS1.71 per cent) required by the formula (CsHsOs).^, and therefore contains

niisaturated double bonds. An ozonide which agreed very well with the above

formula was obtained by the action on sodium rubber of a current of air con-

taining 6 to 7 per cent of ozone. An oxozonide is formed with difficulty by

treatment with ozone for several days.

A typical curve is obtained for the rate of decomposition of the ozonide.

During the decomposition a part of the ozonide remains insoluble in the form
of a yellow resin. The solution contains, in addition to formic acid and small

quantities of a volatile aldehyde, at least two acids of high molecular weight

which, because of their reducing properties, are designated as aldehyde-

and/or ketone-acids. Harries concludes from these results that the

sodium rubbers consist of large, complex molecules, suggestive of the resins.^

The value obtained for bromine on analysis of the dibromide seems to pre-

clude extensive cyclization in the sodium rubber molecule. It will be neces-

sary, however, to reinvestigate the number of double bonds in the molecule of

sodium rubber, with a satisfactory method for the determination of the iodine

number (see p. 253). It is very probable that partially or sometimes very

extensively cyclicized products are present in the sodium rubbers and in the

resins. One mol of hydrogen chloride is added to sodium rubber, forming
a hydrochloride of the formula (C5HsHCl)x, while only one-half mol of

hydrogen bromide or hydrogen iodide is added per CsHg group, forming rub-

‘ The analytical figures for a syrupy and an
amorphous acid corresponded approximately
to the formula C16H20O 10 and CaallaftOio, re-
spectively. Harries, Ann., 406, 180 (19X4).

** Harries, “Untersuchungen p. 219.
* Translator’s Note. T. Midgley, A. U Henne

70^
Shepard [/. Am. Chem. Soc., 54,

381 (1932)1 have compared the pi'oducts ob-

tained from the pyrolysis of sodium rubber
with those obtained from natural rubber.

The composition of the products in the two
cases leads to the conclusion that sodium
rubber is isomeric with natural rubber in

the positioning of the methyl groups
^
and

that the double bond of sodium rubber differs

from the true ethylenic Imnd of natural

rubber.
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ber hydrohalides ccrrespT.dir^ approximately to the formula (CioHis.HX)^
By removal of .a'-:: cid^^ridc from the hydrochloride, Harries succeeded
ill obtaining a regenerated rubber which was not ozonized.

Sodiiim-diniethylbutadiene Rubber (C6Hio)x

The nietlKid of preparation of sodium-dimethylbutadiene rubber is the same
as that of soditim-isoprene rubber (heating 10 to 12 days at 60^^ C.). The
product is taken up in ether, in which part of the rubber remains undissolved
as a white solid mass. The rubber is then precipitated from the ether solution

with alcohol. The soluble portion is very different from isoprene rubber in

appearance, and resembles gutta-percha. In its reactions (nitrosite and di-

tfromide) the sodium-dimethylbutadiene rubber behaves analogously to iso-

prene rubber, even to the extent of always forming some acetonyl acetone on
ozonolysis. The acetonyl acetone results from the rubber which has been
produced by normal polymerization. The ozonide is a thick oil which on
decomposition, gives a test for hydrogen peroxide. ]\Iost of the decomposition
products of the ozonide have not been identified.

Sodium-piperylene rubber was also prepared by Harries, who emploved the
same method which was used for the preparation of sodium-isoprene rubber.
The sodiiim-piperyiene rubber became only slightly elastic and remained tackv
on long standing. It has not been further investigated.

Other Polymerization Methods

The following additional polymerization methods have been proposed:
Method for the preparation of diolefins and their polymerization prod-

ucts. Plauson's Research Institute, Hamburg, Ger. Pat., 338,030, Class
12-0

Mixtures of unsaturated hydrocarbons of the ethylene and acetylene
series are heate«l under pressure in the presence of contact catalysts'such
as C)xides and hydroxides of the alkali and alkaline earth metals (the gaseous
iiiixtiire is diluted with inert gases and vapors). It is claimed that 1,4-

diolefiiis and their polymerization products are formed.
Process for the preparation of rubber or its homologs from isoprene or

its homologs and analogs. H. v. Euler, Stockholm, Ger. Pat., 301 088
Class 39b.s««

Isoprene is heated with alkyl esters of inorganic acids, e.g. amyl nitrite
or amyl halides.

Process for the preparation of rubber-like substances. H. Otto Traun,
Hamburg, Ger. Pat., 329,593, Class 39b.^^^

1.4-

dienes are polymerized at 50 to 600 atmospheres pressure at normal
temperature, wdth or without the addition of polymerization catalysts.
Process for the preparation of products similar to rubber. Badisdie

Anilin- imd Sodafabrik, Ger. Pat., 307,341, Class 39b.^®^

1.4-

dienes are polymerized with the addition of sodium-carbon dioxide
rubber, which has been washed free from alkali.
Process for the preparation of vulcanizable substances related to rub-

ber. Plauson^s Research Institute, Hamburg, Ger. Pat., 371,710, Class
39b ,363

Acrolein-alkyl or arylamines (for example, acrolein methylamine)
are added to 1,4-butadienes before polymerization. Polymers which vul-

canize well are obtained.

^Friediander, “Fortschritte 13, 633 .^ Friediander, ‘Tortscliritte 13, 636.

Friedldnder, *‘FortscIiritte 13, 637.

Friedldnder, “Fortschritte 13, 639.

Friedldnder, “FortscHritte 14, 688.
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Preparation of plastic masses from styrene. Naugatuck Chemical Co.,

U. S. Pat, 161,637, Jan. 29, 1925.

Rubber, gutta-percha, balata, or similar rubber resins are dissolved in

stvrene to make 5 per cent solutions, and the mixture is polymerized by
heating to 135° to 140° C. The solid masses are characterized by high

flexibility and good mechanical workability.

Rubber-like masses. Charles Albert Houques-Fourcade, French Pat.,

622,896, October 9, 1926.

Sea algae are dissolved in 5 to 10 per cent soda solution. After remov-
ing the insoluble matter, the solution is heated with sulfur at 110°' C., or

is treated with sulfur monochloride, or with sulfur dioxide and hydrogen
sulfide.

Removal of liquid polymerization products from synthetic rubber by
means of activated charcoal or other porous adsorption agents. 1. G.
Farbenindustrie, Brit. Pat., 267,808, Sept. 3, 1926.

Preparation of artificial rubber from the products obtained by the hy-
drogenation under pressure of petroleum, coal or coal-like substances.
Polymerization of the pressure hydrogenation products of petroleum,

coal, or coal-like substances, or the extraction, distillation or transforma-
tion products of these substances to high molecular weight rubber hydro-
carbons. The above substances may also be dehydrogenated or decom-
posed to unsaturated compounds, which can then be polymerized to high
molecular weight rubber hydrocarbons. 1. G. Farbenindustrie, Brit. Pat.,

234,857, May 23, 1927.

Artificial rubber. I. G. Farbenindustrie, Brit. Pat., 283,840, January
16, 1928.

Suitable hydrocarbons, such as butadiene, isoprene or dimethyl-
butadiene, are emulsified in soap or protein solutions, and are polymer-
ized in the presence of oxygen or substances which evolve oxygen.

Artificial rubber. I. G. Farbenindustrie, Brit. Pat., 283,841, January
16, 1928.

Hydrocarbon compounds which are suitable for the preparation of

artificial rubber are polymerized by alkali metals in the presence of

organic hydroxy compounds, such as starch, cellulose or cellulose ethers,

in an atmosphere of hydrogen, nitrogen or carbon dioxide.

Synthetic rubber. I. G. Farbenindustrie, Brit. Pat., 294,661, Jul}^ 27,

1928.

The polymerization of butadiene, isoprene, dimethylbutadiene, etc.,

with oxygen or substances which evolve oxygen is carried out in the
presence of a metal salt (Co, Pb, Mn, Cr, Ni, Ag) of an inorganic or
organic acid, if desired in the presence of a protective colloid (water so-

lutions of blood albumen, casein, or tetrahydronaphthalene sulfonic
acid).

Synthetic rubber. I. G. Farbenindustrie, Brit. Pat., 294,963, August 1,

1928.

Isoprene or similar hydrocarbons are polymerized by shaking at 60° C.,

in the presence of compounds which exert a hydrotropic effect, such as
casein and potassium cinnamate, blood albumen and the sodium salt of

tetrahydronaphthalene sulfonic acid, the magnesium salt of isobutyl
naphthalene sulfonic acid or protein and sodium stearate.
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Preparation of synthetic rubber. Goodyear Tire and Rubber Co., Brit.

Bat., 297,050, May 31, B928.

Ciisatiirated hydrocarbons are emulsified in water solutions of am-
muiiiiiiii or potassium oleate with the addition of a 2 per cent casein or

protein solution, and the mixtures are heated in closed vessels for six

months at 50*"“^ to 70"^ C. The reaction product is coagulated with al-

cohol.

Preparation of artificial rubber. L G. Farbenindustrie, Brit. Pat.,

fs46,704, January 4, 1928.

Emulsions of butadiene hydrocarbons, their homologs or analogs, in

water solutions of sodium oleate, of sodium isobutylsulfonate or of tur-

kev reel oil and NaaP04 ,
are polymerized by heat, light of short wave

length, or other polymerizing agents (acrylic acid, or condensation prod-

ucts of acrolein). Artificial latex is obtained.

Synthetic rubber. I. G. Farbenindustrie, Brit. Pat., 301,515, December

1, 1928.

Butadiene or its homologs or analogs are polymerized in water solu-

tions of bile acids, such as desoxycholic acid, apocholic acid or animal

bile. Coagulable emulsions similar to latex are obtained.

Preparation of synthetic rubber. L G. Farbenindustrie, Brit. Pat.,

286.272. March 1, 1928.

Colloidal water solutions or suspensions of isoprene, etc., are polymer-

ized with electrolytes in presence of oxygen or in an atmosphere of inert

gas. The hydrocarbon is mixed with water solutions of protein, glue,

casein, alkali oleate, or saponin, and electrolytes are added, such as cal-

cium caseinate, sodium sulfate, potassium iodide, sodium chloride, acetic

acid, or phosphoric acid.

Artificial rubber. I. G. Farbenindustrie, Brit. Pat., 302,733, December
20, 1928.

Rubber masses are obtained from synthetic rubber by adding various

highly polymerized products (differing in the degree of polymerization)

of the same hydrocarbon of the butadiene series.

It has been possible to cite only a few of the patents issued during the last

few years. These patents will serve to show the renewed interest in synthetic

rubber and to call attention to the patent information in Friedlander’s “Fort-

schritte der Teerfarbenfabrikation.'^ Naturally it was not possible to discuss

some 500 German patents in which the German discoveries in this field are

presented, and which served as the incentive for the discovery and use of

vulcanization accelerators (see p. 309). In contrast to the other methods of

preparing synthetic rubber, it is necessary again to point out that it was Fritz

Hofmann who, undaunted by the failures of eminent colleagues in this field

and disregarding the then accepted eight-membered ring hypothesis of Har-

ries, attacked the problem of the technical preparation of synthetic rubber

from isoprene and other dienes, at the Farbenfabriken vorm. Friedr. Bayer

& Company, Through consistent investigational work with a number of ex-

Cf. also Fr. Hofmann's controversy with
Harries; communications from the Fritz von
Friedlander — Fuld Kohlenforschungsinstitut
in Breslau, “Zur Geschichte des syntheti-
sdien Kautsebuks,” 1, 70 (1920); also Z.
amjew. Chem., 25, 1462, 1858 (1913), where
the alleged priority ui the Hememann pat-

ent is disputed.

Harries did not obtain a German patent on

his acetic acid polymerization process, be-

cause it was anticipated by older applications

(pertaining to acid catalysts) of Farben-

fabriken vorm. Friedrich Bayer & Co.
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ceptional co-workers, he proceeded a long way in solving the problem. Among
these co-workers, the following should be mentioned

: Merling, Coutelle,

Meisenburg, Delbriick, Jonas, Tschunkur, Kohler, Bogemann, Schmidt’

Tank, Pfeffer, Gottlob, Zieser, Chrzcescmski and Michael. The entire work
would have been impossible without the active and far-sighted support of

C. Duisberg. Not so many years ago, the syntheses of alizarin and indigo

( which stand as lasting triumphs to organic chemistry) were accomplished

by German chemists. It is to be hoped that the old and new forces which

are now united in a fresh effort will successfully complete the synthesis of

rubber.



The Vulcanization of Rubber

By E. KindscJief*

Definition of Terms
Old and New Theories of Vulcanization

The term “vulcanization” is ordinarily applied to (1) the treatment ot

rubber at room temperature (cold vulcanisation) with dilute solutions of

sulfur chloride (usually in carbon disulfide) or with sulfur chloride vapor,

or ( 2) the treatment of rubber with sulfur at higher temperatures (hot vul-

canisation)} After being milled, rubber assumes the plastic state which is

necessary for the fabrication of rubber products. The process of vulcaniza-

tion then transforms the rubber from the plastic state into the elastic condition

so essential for practical use. Compared with (he unvulcanized product, vul-

canized rubber is less sensitive to a wider range of temperature changes, pos-

sesses more resistance to tear, and, as far as “soft rubber” is concerned, is more
extensible. Its solubility is also greatly affected, for at ordinary temperatures

the vulcanized product is no longer soluble in the usual solvents for raw-

rubber, but is only capable of swelling more or less, depending upon the

nature of the solvent and the degree of vulcanization of the rubber. Through
vulcanization, rubber obtains most of the properties which make it so un-

usually valuable as a material for present-day use. Accordingly, almost all

rubber goods intended for practical use are vulcanized.^

Although vulcanization has long been a process of great importance, only

in the last decades, after large quantities of vulcanized goods had been manu-
factured and used, has the mechanism of the process become the subject for

exh.austive scientific research. Charles Goodyear discovered hot vulcaniza-

tion in 1839, and .Alexander Parkes cold vulcanization in 1846. Then for

almost fifty vears both methods were utilized in the preparation of rubber
goods, with little concern about the chemical mechanism of the processes.

.Although during this period some attempts were made to explain the mecha-
nisni of vulcanization, the conclusions which were reached appear verv
fanciful in the light of present knowledge.

Fawsitt,® for example, assumed that cold vulcanization involved the sub-

stitution of the hydrogen atoms of the rubber molecule by sulfur, and the

simultaneous elimination of hydrochloric acid. Thomson ^ considered chlorine

the essentially active constituent of sulfur chloride. Terry ® denied the im-

portance of sulfur for cold vulcanization, and even attributed the vulcaniz-

ing action exclusively to the chlorine of the sulfur chloride.

* Translated by J. E. Whittenberg and F. L. Kilbourne.

^ For the lii’story^of vclcanization see p, 4< Cf. vulcanized rubber products now on the mar-
also p. 3^4 lor iht cold vulcanization of ket usually become vulcanized before they are
rubber with sulfur. utilized, although rubber in the unvulcanized

2 tt 1 • j * 1 f
directly used for shoe soles, in chew-

Unvulcanized rubber is largely^ used in the ing gum, and to an even smaller extent in
form of solutions for repairing pneumatic the manufacture of erasers,
tires, for file cementing of rubberized fabric »/. Soc, Chem. Ind„ 8, 368 (1889).
(mnufacture or raincoats, etc.) and for the * Chem. Mews, 62, 192 (1890).
fabrication of shoes and hat-feathers. XJn- «/. Soc. Chem. Ind., 11, 970 (1892).

270
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Henriqiies ® was the first to establish that sulfur chloride was added as

qicli to the rubber molecule.
^

A year later, this observation was confirmed

bv C. 0. Weber. This addition was supposed to correspond to the reaction

\Aich Guthrie ® had observed in the action of sulfur chloride upon unsatu-

rated compounds such as ethylene and amylene. For example, a compound

of the formula (C2H4)2S2Cl2 was obtained in the case of ethylene. The
loosely held chlorine and the firmly bound sulfur of this compound indicated

the following explanation of its formation;

H.C
II

Cl

1

H.C-
1

Cl

H.C S
+ 1

S

1

H2C s
1

HsC—
1

s

H.C
1

Cl
1

H.C~ Cl

Weber deserves the credit of being the first to have investigated thoroughly

the chemical nature of vulcanization. In order to determine the composition

of the compound which was formed by the action of sulfur chloride upon
rubber, he treated at room temperature a filtered solution of 50 grams of

purified Para rubber in 1000 cc. of benzene with a solution of 60 grams of

sulfur chloride in 200 cc. of benzene (about 120 per cent sulfur chloride on
the basis of the rubber..) After some time, this mixture gelatinized. The
reaction product was filtered by pressure, using a filter of silk gauze, washed
with benzene, extracted in a Soxhlet apparatus with carbon disulfide, and
tinally treated with boiling alcohol. The resulting product was a yellowish-

white powder which was insoluble in the ordinary solvents but soluble in

cumene after protracted heating at 140° C. The values obtained l)y the analy-

sis of the compound agreed very well with the formula C10H16S2CL, for

which the theoretical sulfur content is 23.62 per cent. This sulfur content

would correspond to the highest possible degree of vulcanization. According
to Weber, this compound evolved hydrogen chloride when treated with alco^

holic caustic soda solution, and changed quantitatively into a compound of

the formula C10H14S2, which has a calculated sulfur content of 32,32 per
cent.

However, commercial cold-vulcanized rubber goods never contain as high

a sulfur content as is indicated by the formula CioHieSoCh. Henriques stated,

for example, that rubber goods containing 5 per cent of sulfur were ‘‘over-

vulcanized’' and those containing 0.5 per cent were “under-vulcanized”
;
that

is, in the first case the highest state of strength and extensibility of the rub-

ber had been exceeded, while in the seconcJ case, this point had not yet been
reached. Therefore, Weber was not certain whether technical cold-vulcan-
ized products were mixtures of unchanged rubber with the highest sulfur
chloride addition product, or whether there existed other definite compounds
of rubber with sulfur chloride. To decide this question, he treated a solution

of 25.5 grams of rubber in 1000 cc. of benzene with 3 grams of sulfur
chloride (11.76 per cent of sulfur chloride on the basis of the rubber). The
analysis of the purified reaction product showed it to possess a sulfur content
of 5.11 per cent. The compound swelled, but did not dissolve, in benzene.

(1893); 18 , 701, 1155

'^Z.mgew. Chem., 7, 112, 142 (1894). Trans-
lators Note. Cf. also J. Soc* Chem, Ind.,

13 , 11 (1894).
^Ann., 113 , 270 (1860); cf. also TJlzer and

Horn, Mitt. tech. Gezverbemiis. Wien, 843
(1890).
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W'eUer comiii^led that there was present, not a mixture, hut a dchiiite coin-

tKiuiid with a sulfur content of 4.28 per cent and having the empirical formula
upon the basis of the previously mentioned research of

Guthrie, this cr.rr.unund should be formulated as (C5oHso)2S2Cl2. Reasonincy

fniiii the i-L-i:;'.' . f diese experiments, Weber postulated the compound
or (CioHiGjiofS2G2 )io as the highest attainable vulcanization

product, and conjectured that between this compound and the lowest,

I CiyHiG huS.jCh, there existed eight other compounds, each of which differed

fnjiii the next in the series by one molecule of sulfur chloride.

Henriques ^ objected to these broad conclusions soon after their publica-

tiuii. He pointed out that the products analyzed by Weber lacked all the

characteristics of definite compounds. “They contain only approximately as

much sulfur and chlorine as they should, according to the quantity of sulfur

chloride used. There is no proof that when considerably more than 120 per

cent of sulfur chloride is used in the vulcanization, the same compound,

Ci 4,Hi,;SXl 2 , is formed, and that by the use of less than 9.92 per cent of

sulfur chloride a part of the rubber remains unvulcanized, and that there-

fore no lower stage of vulcanization exists than that corresponding to the

formula CiouHigoSXG. If these points be confirmed, the proposed formulas

will have a somewhat firmer basis.” Weber could not ignore these serious

objecticuis. After further experiments, he changed his ideas and assigned

to the compound corresponding to the lowest degree of vulcanization the

formula (CioHiuj^iS.Xlo (sulfur content 1.88 per cent) and to the coni-

puiind representing the highest degree of vulcanization the formula

tXi«,HiG) 24 (S 2Clo) 24 . Budde,^^ however, stated that he had encountered

satisfactorily vulcanized slabs, the vulcanization coefficients of which

amounted to 1.03, a value which w’as considerably lower than that correspond-

ing to the lowest degree of vulcanization as finally accepted by Weber.
Weber’s work was not confined to a study of cold vulcanization. He

also investigated the process of hot vulcanization. For this purpose he used

slaf js, 3 mm. in thickness, of a mixture of 100 parts of Para rubber and 10

|iarts of sulfur, which he vulcanized in strips 30 mm. wide and 60 mm. long,

ill an autoclave partly filled with water. The vulcanizates, cut into very fine

threads, were then extracted with acetone as completely as possible, and the

residue was analyzed for combined sulfur by the method of Carius, Weber
conducted a series of experiments by this method, using various vulcaniza-

tion temperatures and times of heating. The results of these tests are shown
graphical!}’ in Figure 48.

The aniuunt of sulfur combined with the rubber is seen to increase with tht

time of vulcanization and also with the temperature of vulcanization.

The lireaks in the curve are due to the formation of definite chemical

compounds, according to Weber. These apparent irregularities in the

coiisiimption of sulfur later occasioned all sorts of interpretations and hy-

potheses, until it was finally established that their occurrence could be traced

ikick to a faulty experimental technique.

Since no evolution of hydrogen sulfide was observed during the vulcaniza-

tion process, there seemed to be no possibility that a substitution reaction was

invcdved. Therefore, an addition of sulfur to the rubber molecule, as in cold

^ Ckem,-Ztjh, 18, 701, 1155 (1894).
^

By “vulcanization coefficient” is meant tfa<

m Weber, “Tbe Chemistry of India Rtih- amount of combined sulfur per 100 parts o

bcr,” p. 104. Griffin and Company, Londtwi, pure rubber,
1902.

« Gummi-Zig,, 21, 1207 (1907). « C. O. W^eber, Kolloid-Z., 1 , 33, 65 (1906).
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nik-anization, must have occurred. Further research revealed that with the

^•inie
vulcanization temperature and the same time of heating, the amount

'j-
m,ifur combined with the rubber depended upon the amount of sulfur

iiriuinally present in the mixture. If the vulcanization did consist of the

k.rniation of a definite compound of sulfur with rubber, then there should

'e an upper limit for the amount of sulfur consumed. In order to verify

^i,js point, Weber heated a mixture composed of 100 parts of Para rubber

wd 75 parts of sulfur for eight hours at 140° C. Analysis showed that the

I'roduct obtained contained 33.11 per cent combined sulfur. When the sul-

fur content of the mixture was lowered to 50 parts or raised to 100 parts,

under the same experimental conditions as before, products were obtained

uoiitaining 33.08 per cent and 32.64 per cent combined sulfur, respectively,

fhice a sulfur content of 32.00 per cent corresponds to the formula CioHioSo,

ihich could be formed by the addition of two atoms of sulfur to a ruljber

aioleeule (CioHio, according to the belief at that time), Weber concluded

!!iat this compound was present in his vulcanizates. Although some of his

ii-sts showed a slight excess of sulfur, he attributed this to a negligible sub-

I
-titution of the hydrogen atoms of the rubber molecule by sulfur. He also

|yinted out that apparently the free sulfur contained in the above samples

itliat is, the sulfur not combined with the i-ubber) is very difficultly extracted

!,y
acetone and even more difficultly with carbon disulfide. It is left open

[’.discussion whether or not the free sulfur may be present in an amorphous
firm insoluble in carbon disulfide—a form which, under the influence of the

ivanii solvent, is only gradually transformed into the soluble form. He
therefore considered it likely that hard rubber represented a concentrated

.rtiution of colloidal sulfur in “polyprene sulfide” (the compound CioHl-.S-H.

Figure 48—Hot vulcanization

(according to Weber).

Misled by the irregular vulcanization curve, Weber further assumed that

in hot vulcanization there was involved a continuous series of addition prod-

ucts of sulfur and the rubber hydrocarbon, even as he had assumed in the

Cijld vulcanization of rubber goods. He was not able to identify the lowest

member of the series, but concluded that it must be represented by the formula

(Ch.Hi6)ioS, or CiooHiGoS, since according to the knowledge of the process

at that time, a combined sulfur content of at least 2 to 2.5 per cent was re-

quired for vulcanized rubber, judging from mechanical properties. Physi-
cally, this series was characterized by a decrease in extensibility and an in-

crease in strength from the lower to the higher members. Which member of

the series occurred in a given vulcanizate depended, in Weber’s opinion, upon

I
the temperature and time of heating employed, as well as upon the amount of

I
sulfur present.
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Althuiigli Weller's ideas were later found to be untenable in many respects

there is im doiil)t that liis work pointed the way for later investigations of

both hot and cold vulcanization. Without the information from his experi-

ments, many of the facts observed in the following years would have re-

inained unintelligible. In any case, Weber was the first to learn that in the

vulcanization process there took place a purely chemical reaction which wa-.

moreover, an addition reaction.

After Weber's work, there appeared many other investigations of the

vulcanization process by the most diverse methods. The hypotheses
which were advanced but soon disproved will not be discussed herel^

^Mention may be made of a work by H, Erdmann/^ which is of interest for

later consideration. He assumed that in hot vulcanization an ‘Active

thio-ozoiie" of the formula S 3 ,
present in large amounts in molten sulfur

at 160° C., formed an addition product in the same manner as ozone.

Vulcanized rubber, according to his idea, is ‘‘essentially a semi-solif!

solution of the polymerized octatomic sulfur, (Ss)x, in the polymerized

rubber Inxlrocarbon and in the thio-ozonide of the latter
; hard rubber is

a ^'sly-th:o-ozonide of rubber."

In contrast to Weber's explanation of the vulcanization reaction from

tlie standpoint of chemical constitution alone, attempts were later made

to utilize the principles of physical chemistry, and especially of colloid

chemistry, for the solution of this problem. E. Stern was the first tr

employ quantitative physical measurements in the study of vulcaniza-

tion. Seeking an unequivocal and easily reproducible method for study-

ing the equilibrium which should exist between the rubber hydrocarbon
and sulfur at the temperature of hot vulcanization, he used solutions 0:

sulfur and of rubber. In this \vay, he could \vork independently of the

transient mechanical and physical properties of the materials used, for

these properties might seriously^ influence . direct vulcanization tests

Naphthalene was found to be a suitable solvent for both rubber and sul-

fur. The first experiments employed the cryoscopic method. No freez-

ing-point lowering of the naphthalene was caused by the colloidal rubber

hydrocarbon. Therefore, with a mixture of rubber, sulfur, and naphtha-

lene, the depression of the freezing-point of naphthalene could be in-

fluenced only by the concentration of sulfur. The equilibrium, sulfur-

naphthalene, had been worked out by Hertz and by van Bijlert.^® The

eutectic point lay at 73.3° C. and at a concentration of vSulfur of about 19

to 20 per cent. Assuming that the portion of the sulfur combined with

the rubber contributed as little to the lowering of the freezing-point ci

the naphthalene as did the rubber itself, only the “free" sulfur was con-

sidered responsible for the depressions noted. By frequent determina-

tions of the melting-point of solutions of rubber and sulfur in naph-

thalene at various intervals of time, it should be possible to follow the

course of the vuilcanization process. The melting-point should rise in

proportion to the decrease of free sulfur available, and therefore in pro-

portion to the absorption of the sulfur by the rubber hydrocarbon. The

experimental results confirmed these assumptions, although the observed

” See R. Ditmar, “Die Analyse des Kaut-
schiiks, der Giitta-percba, Balata. und ihrer
Zusatze,” p. 62, A. Hartlelaen’s Verlag,
Vienna and Leipzig, l&OS; Axelrod, Gummi-
Ztg., 24 , 352 (1909); Hiil:sener, Chem.-Ztq.,
35, 494 (1911),

Ann., 362, 133 (1908).

Chem.-Ztff., 33, 756 (1909); Z. Elektrochm,
15, 660 (1909).

Z. phys. Chem., 6, 358 (1890).
7SZ. phys. Chem., 8, 343 (1891).
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changes in meltiiig'-point of the naphthalene were too small to permit
definite conclusions.^*^

Stern then tried to obtain more information about the course of the
vulcanization process by direct analysis of samples taken at definite in-

ten'als of time. The reaction mass was poured into acetone, the pre-

cipitated rubber was exhaustively extracted with acetone in a Soxhlet
apparatus, and a determination was made of the combined sulfur in the

Extracted residue. In the preliminary experiments, the temperature and
time of vulcanization were held constant. The results seemed to sub-
Wiate the relation stated by Hubener,20 who found, by direct vulcani-

zation experiments, that the amount of sulfur absorbed by the rubber
ivas approximately proportional to the original amount of sulfur added.

In Stern’s later experiments, the composition of the reaction mixture and
:he temperature of vulcanization were kept constant. Under these con-
iitionsitwas shown that the amount of combined sulfur increased almost
n proportion to the time of heating.

^

The work published up to this time concerning hot vulcanization was
lummarized by W. Ostwald,^! and was examined by him from an entirely

lew point of view—that of the adsorption theory. Ignoring the possibil-

ty of the formation of a definite chemical compound between rubber and
iiilfur, he concluded that the previously reported results of qualitative

ind quantitative tests concerning the action of sulfur on rubber could be

explained by the assumption of adsorption alone. Among the points of

:iipport which he listed for his views were the following

:

1. As J. B. Holm had established, there always exists in a vulcanizate

i portion of the sulfur in the “free,” acetone-soluble form, whether a

arge or a small amount of sulfur is added originally. A theory of purely
•hemical addition should require that a very small amount of sulfur be
ntirely consumed in a short time.

2. According to Weber, the evolution of small amounts of hydrogen
iilfide during vulcanization is traced back to the presence of impurities
11 the rubber, and the combination of sulfur with rubber is a purely
idditive process. This fact Ostwald also considered to be in accord with
he adsorption theory.

3. Weber’s conception that rubber forms with sulfur a continuous series

if addition products would first have to be demonstrated by the actual
liscovery of some definite compounds. However, Weber could prove the
xistence of only a single compound of this sort, and at the time there
xisted no possibility of separating and distinguishing the different pred-
icts corresponding to the degrees of vulcanization which he formulated,
n fact, according to Ostwald, the continuity of change of composition
lirectly indicated an adsorption process.

4. The composition of the lowest and the highest members of the series
I vulcanization compounds postulated by Weber is indefinite and is

lot sufficiently proved.

“It should be mentioned that E. Stern was the
first to_ accomplish the hot vulcanization of
rubber in solution.

^Gnmmi-Ztg., 24, 214 (1909).
^KolUnd-Z., 6, 136 (1910).
^‘Gummi-Ztg., 14, 17, 33 .Cf:59). On account

of the lack of a ;r.arhc:'.;a:.icr.l ’. elationship be-

tween the amount of unextractable sulfur and
the physical properties of the vulcanizate,
Hohn was led to infer that “vulcanization
is not a chemical reaction, but the melted
sulfur becomes absorbed in the cells of the
rubber, forming a solution the physical prop-
erties of which are different from those of

the original material.”
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5. Axelrod-'* was able to establish quantitatively that the amount i.f

sulfur combined durin^G^ vulcanization depends to a great extent upon
the previous mechanical treatment of the rubber. From the standpoint

of the adsorption theory, this fact may be explained by saying that ruh-

licr, as a colloid, has a polyphase structure, by the mechanical wc^rkingnf

whicli is produced an intimate mixing of the various phases and an addi-

tional surface suitable for adsorption.

6. From calculations based upon Weber’s data concerning the amount
of sulfur absorbed for equal times but at different temperatures, tempera-

ture coefficients are obtained wffiich correspond more nearly with tho>t

of adsorptions than those of typical chemical reactions. In the case

chemical reactions, the reaction velocity increases from 2 to 3.5 time.'

for a temperature rise of 10"^ C., according to van’t Hoff, while in adsorp-

tion there is an increase of less than 1.5 times.

7. To explain the breaks in Weber’s vulcanization curves for various

temperature^, Ostwald called attention to the fact that phenomena of

tb.is kind k.a'l been frequently observed with adsorption curves, and ha<!

been interpreted as being caused by capillary-chemical influences.

S. When it was assumed that a proportionality prevailed between tht

amount of sulfur added to the mixture and that taken up by the rubber,

the calculation of Stern’s data showed an error of 11.6 per cent as the

largest deviation. When the adsorption equation (see p. 278), ^ = k * i\
a

was used for the calculation, this error was found to be only 0.79 per cent.

Similar values were obtained from the vulcanization experiments
Hubener.^"^ Such results are more in harmony with the adsorption theorv

than with a theory based upon chemical reaction. It seemed stranG-’c

that the curves which show the dependence of the amount of combined
sulfur on the amount of sulfur added, show opposite curvature in the ex-

periments of Stern and Hubener. Ostwald explained this by saying that

when sulfur was taken up by rubber, there was involved a mutual adsorp-

tion of two disperse phases—namely, the emulsoid rubber, and the rub-

ber distributed in this disperse phase. At definite quantity-ratios of the

two disperse, mutually adsorbed phases, these must interchange their

roles, so that the adsorbent becomes converted to the adsorbed sub-

stance.

Ostwald’s adsorption theory "was at first generally accepted, since it

seemed very plausible, assuming the correctness of the experimental
foundation. However, various objections were soon raised which cuiik

not be ignored. Nevertheless, it is to Ostwald’s credit that he brought tlu

problem of vulcanization again into the focus of interest and called the

attention of investigators to points which urgently needed proof.

P. Alexander,-^ from his knowledge of the reclaiming of rubber, statol

that there was no possibility of again removing the sulfur of vulcani-

zation from a vulcanizate. He also pointed out that in the formation of

the bromide and the nitrosite of rubber, the sulfur passes into the

derivative. F. W. Hinrichsen then advanced a series of important

arguments against Ostwald’s views, and suggested that not only adsorp-

Gnmmi-Ztif., 24, 352 (19Q9), Chem.-Zta., 34, 789 ( 1910 ).
Gumimi-Ztij., 24, 2U (1909). ^ Kunststoffe, 1 , 41 ( 1911 ).
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,j,,n
phenomena but also purely chemical reactions occurred during- the

course of vulcanization. His contentions were as follows :

Lit appears, especially from the work of Freundlich,^^ that in adsorp-

tion there is always concerned an equilibrium which can be approached

irom both sides. Therefore, if only adsorption plays a part in the taking

up of sulfur by rubber, the process should be reversible. It is generallv

known that this can be realized only with the greatest difficulty, if at alf

:

in tact, most practical chemists regard the complete desulfurization of

vulcanized rubber as a problem which cannot be solved. While the latter

idea may not be entirely correct, the desulfurization of vulcanized rubber

is so difficult that the assumption of an adsorption equilibrium for the

explanation of vulcanization seems^ unsafe, to say the least. Such equilibria

are characterized by the rapidity with which they are established.

2. When an adsorption equilibrium is attained, the chemical and physi-

cal properties of the adsorbed and the adsorbing substances usually re-

main unaltered. However, rubber undergoes during vulcanization a

transformation as complete as that usually encountered only with chemi-

cal change. This is true also of the sulfur consumed in hot vulcanization.

The sulfur becomes partly insoluble in the usual solvents, such as ace-

tone, so that in the analysis of rubber goods a distinction is made be-

tween the acetone-soluble ''free’' sulfur and the acetone-insoluble '‘com-

bined” sulfur.

It is possible to cite cases where a complete change in behavior of a

substance is observed when it becomes adsorbed. In the work of Fretind-

lich and Losev on the adsorption of basic dyestuffs (such as crystal

violet) upon carbon, it was shown that after the establishment of equi-

librium, no more of the dyestuff could be washed out with pure water.

However, in this case, as Freundlich and Losev were able to show, chemi-
cal change occurred as well as adsorption. The crystal violet in the form of

the hydrochloride had cjuantitatively yielded to the aqueous solution the

hydrochloric acid contained in it, and only the dye-base was adsorbed by the

carbon. Since the base itself is not soluble in pure water, it could not be

removed by the aqueous solution. If water is replaced by a suitable solvent

T an acid, a portion of the dye-base redissolves at once.

3. The formation of a chemical compound during vulcanization is

strongly indicated by the fact that all of the sulfur of vulcanization is

found in derivatives such as the tetrabromide and the nitrosite. This
behavior was observed by Alexander.^^ Since the derivatives are partly

precipitated from solutions of vulcanized rubber (for example, in the
determination of rubber according to Axelrod), it must be supposed
that the original adsorption ec|uilibrium between solid rubber and sulfur
was disturbed by the solution process.

4. The assumption of the existence of a definite chemical compound of
rubber and sulfur seems reasonable, since other well-defined compounds
of rubber, such as the tetrabromide, are definitely known.
These discussions served to expound the conflicting views to some ex-

tent, and experimental work was then continued along both the physical

JZ. pkys. Chem., 57, 385 (1906). ^ Chem.-Ztg., 34, 789 (1910).
Z. phys. Chem., 59, 284 ( 1907^ Gummi-Ztg., 21, 1229 (1907).
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and chemical lines of investigation. The intensive research of the follow-

ing rears resulted in an abundance of publications concerning the prob-

lem of vulcanization. Only the most important of these can be treated in

lie tail.

Hinriclisen and ^^leisenburg repeated the experiments of Weber
roiicerning cold vulcanization, in order to establish whether a definite

compoimd could be obtained by the method^ Weber employed. Thev
treate<I solutions of I^ara rubber in benzene with a larger amount of sub

fur ciiluride than corresponded to the highest vulcanization stage as-

sumed by Weber. Eight different reaction products, purified according

to Weber’s method, were found to have a sulfur content of from 15.58 to

28.37 per cent. These workers could not obtain values which agreed

with each other even approximately. It is to be noted that some sulfur

values were obtained which were below that corresponding to the for-

mula CyjHicS^Ch (23.62 per cent sulfur) proposed by Weber. Since

the isolated compound was extracted only with carbon disulfide for the

removal of excess sulfur, it seems unlikely that any of the combined sul-

fur could have been removed from the compound in this manner. There-

fore, if a substance of definite composition was really present, the lowest

of the sulfur values found must be assumed to be the most nearly correct

The higher values may be explained by the impossibility of removing
the sulfur chloride still adhering by adsorption to the addition product,

or, more probably, by the impossibilit}" of removing completely from the

adilition product the sulfur separated by atmospheric moisture or by

treatment with alcohol. The latter explanation is the more plausible,

because the free sulfur settled out of sulfur chloride is partly insoluble

in carbon disulfide. However, it is one of the most characteristic proper-

ties of colloids that they can build adsorption compounds.
Since the use of direct analysis failed to settle the question, Hinriclisen

am! Kindsclier tried an indirect method. Exact amounts of solutions

uf rubber and of sulfur chloride in benzene were mixed together. After

standing for many weeks, the mixed solution contained a precipitate,

and a portion of the supernatant liquid was analyzed. The consumption
of sulfur chloride could be determined from the chlorine content of this

liquid, and thus it could be decided whether there had been formed a

chemical compound of definite composition or an adsorption compound.
T

In an adsorption, the equation ^ = k •
l'”' would show the dependence of

consumption of sulfur chloride (m) upon the initial concentration of siil-

iiir chiuride U'i. In this equation (a) represents the concentration of

rubber, while and (m) are constants. If a chemical compound is

formed, the consumption of sulfur chloride must be constant. It was
found by these experiments that the consumption of sulfur chloride by

equal amounts of rubber was approximately constant. Small deviations

may be explained by slight losses due to the volatilization of the sulfur

chloride, which could not be entirely avoided. Such losses would cause

too low a chlorine content of the solution to be found by the indirect

analysis, and therefore somewhat high values would be assumed for the

consump tit ill of sulfur chloride. The data showed that rubber absorbs

one-lialf of its weight of sulfur chloride. Since the formula of rubber

was at that time considered to be (CioHic)^, Hinriclisen and Kindscher
^^Chem.-Ztg„ 33, 756 ( 1909 ). ^ Kolloid-Z., 6, 202 ( 1910 ).
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asskned to the compound formed the formula (CioHicOoSsCL, which

would mean that the reaction was parallel to that found by Guthrie with
and amylene (see p. 271 ). These results directly contradicted

those obtained by Weber, but agreed with those of Hinrichsen and
Meisenburg in that the lowest sulfur value obtained by the latter workers
corresponded exactly to the formula (CioHi6)2S2Cl2.

Further support for this formula was seen by Hinrichsen and Kind-

scher in the behavior of the^ sulfur chloride addition product when
treated with an alcoholic solution of sodium hydroxide. After protracted

heating with this caustic solution, there was formed a dark brown, hard
substance, which contained no chlorine and which contained 20.7 per

cent of sulfur. Assuming that a compound (CioHirOoSoCh could evolve

two molecules of hydrogen chloride under these conditions, a compound
C20H30S2 would be obtained, with a sulfur content of 19.2 per cent. On
the contrary, Weber had obtained under the same experimental con-

ditions a compound, the sulfur content of which, 32.3 per cent, indicated a

composition corresponding to C10H14S2. The disagreement of the results

of Hinrichsen and Kindscher with those of Weber was explained by G.

Bernstein, as will be later discussed.

No definite conclusion was reached from the work of Hinrichsen,

Kindscher, and Meisenburg as to whether in technical cold vulcanized

rubber goods there existed definite chemical compounds. However, no
evidence was revealed for the existence of other than the highest vulcani-

zation product. Therefore it was concluded that in products which con-

tained less sulfur chloride than corresponded to the highest \'ulcanization

"tage, there occurred a sort of solid solution of the addition compound
in excess rubber. It was held probable that adsorption processes played
<orae part in the cold vulcanization of rubber goods because of the coi-

Ifiidal nature of rubber and because of the method of preparation of com-
mercial vulcanizates. In the industrial process, the moisture of the air

causes some sulfur to separate from the sulfur chloride, but this is not
a factor in scientific work, Hinrichsen ])elieved that cold-vulcanized rub-
ber goods represented adsorptions of sulfur in "^solid” or ^"semi-solicr'

solutions of the sulfur chloride addition product in excess rubber. In
this connection, it should be mentioned that it was Hohn who first

made the observation that better results were obtained in vulcanization
by the use of sulfur chloride solutions which contained excess dissolved
sulfur than by the use of those containing no excess sulfur.

Further work on the explanation of the chemical mechanism of cold vul-

canization was reported by B. Bysow.^^ Solutions of rubber were not
used in this work. Instead, the technical execution of cold vulcanization
was simulated by dipping slabs of Para rubber of 0.5 gram weight, 0.5

mm. thickness, and of as nearly equal surface areas as possible, in very
dilute solutions of sulfur chloride in benzene. At regular intervals of

time, determinations of the sulfur content of the vulcanizate were made,
after removing the excess sulfur chloride. Bysow found that these
values increased rapidly at first, then more slowly, and finally remained
almost constant. Similar results were obtained when the Para slabs

were allowed to remain for equal lengths of time in benzene solutions

^ Gummi-Ztg., 14, 17, 33 (1899); cf. also Kolloid-Z., 6, 281 (1910); J, Russ. Phys.

F Bruni and M. Amadori, India Rubber J., Chem. Soc.^ 53, 20 (1921).
S8, 129 (1919).
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nf i^iiltur chiiiride oi various concentrations (from 0.0125 to 0.1 gram in

100 cc.). Therefore, it appeared that the sulfur chloride was taken up

<trict]y accrirding to th.e equation = k c”', according to the adsorp-

tion law.

The verv contradictory conclusions drawn by Hinrichsen and Kinrl-

sclier and by Bysow were interpreted by Wo. Ostwald from a single

pniiit of view in a very clever manner. Bysow had used very dilute

srfliitions, while Hinrichsen and Kindscher had ^worked with much
higher concentrations. Ostwald stated that the differing experimental

results could be reconciled to the adsorption theory if the concentrations

of sulfur chloride were plotted against the amounts of sulfur chloride

consumed by the rubber. When this is done, it is seen that the results

of Bysow lie in the rising portion of the curve (concentrations from 0.0125

to 01 per cent sulfur chloride), while the results of Hinrichsen and

Kindscher, who worked with concentrations of sulfur chloride varying

from 1.237 to 2.362 per cent, lie in the part of the curve which proceeds

jiarallel to the al>scissa.

The-e investigations did not aid materially in reaching a definite

deci-sion in favor of either the adsorption theory or the chemical theory.

G. Bernstein then undertook further e.xperiments, and succeeded in

liemonstrating the cause of the disagreement in the results of Weber and

of Hinrichsen and Kindscher. He showed that when the reaction prod-

uct of rubber with sulfur chloride was treated with alcohol, as Weber
had clone to purify his products, hydrogen chloride was evolved. The
values obtained by Weber must have been accidental, since the analyzed

products were mixtures of sulfur chloride addition products with their

mpcsition products. Bernstein proceeded to eliminate these sources

of error, and obtained, by the analysis of the reaction products, values

which agreed very well with the formula (CioHi 6) 2S 2Cl 2 . The results

f«i Hinrichsen and Kindscher were thus confirmed. Bysow’s results,

which had been used by Ostwald to support his contention that the ab-

sorption oi sulfur chloride by rubber was an adsorption phenomenon,
were also readily interpreted by Bernstein from a purely chemical stand-

point. The rubber slabs which were dipped into sulfur chloride solutions

became quickly coated with a layer of the reaction products, which re-

tarded the penetration of sulfur chloride into the interior of the strip,

and finally brought the process to a standstill. In order to demonstrate
this print, Bernstein measured the viscosities of mixtures of rubber and

-uirur chloride using xylene as a mutual solvent. Mixtures of varying

concentrations were tested. The viscosity of xylene itself is not in-

fluenced by the addition of sulfur chloride. If only an adsorption of sul-

fur chloride on the rubber occurred, Bernstein reasoned that the viscosity

of the rubber solution should increase upon the addition of sulfur chlo-

ride, since a constantly increasing volume of the colloid particles, with

an accompanying increase of the specific surface of the phases, should

result in greater surface friction of the phases. However, the addition

of sulfur chloride was found to reduce the viscosity of the rubber solu-

tions. Therefore, an adsorption phenomenon was not indicated by these

results.

" 7, 45 01^10). rand, “Contribution a I’etude cle la vnlcaiM-

June 13, 1912, Clfmioiul-Fer- zation a froid du caoutchouc.”
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M. Le Blanc and M. Kroger later called attention to the fact that all

vulcanizations in solution, from^ a purely objective viewpoint, consisted

of the solution becoming less viscous, followed by gel formation in the

case of high rubber concentrations and by a flocculation with low
rubber concentrations. Between these extremes, intermediate phenom-
ena are observed. ^Gel formation is followed by the expressing of serum

at sufficient concentrations of sulfur chloride (syneresis). These authors

observed experimentally that syneresis was perceptible after some days

if the amount of sulfur chloride used was somewhat in excess of that

necessary for the formation of the compound described by Hinrichsen

and Kindscher. A gel containing only 20 per cent of sulfur chloride

upon the basis of the rubber expressed no serum within a time of six

months. From these observations, it was thought that the syneresis was
dependent upon the complete consumption of the rubber' This con-

clusion was supported by the fact that in a gel which normally did not

show syneresis, the latter phenomenon occurred upon the addition of

bromine, in proportion to the extent that the bromine diffused into the gel.

The unconsumed rubber was converted by the bromine into the tetra-

bromide. In dilute solutions of rubber, the “flocking'' corresponds to

syneresis. The flocculation first occurs when the composition of the com-
pound of Hinrichsen and Kindscher is reached. If the amount of sulfur

chloride is kept too small, separation in flocks can be effected by the

addition of sufficient bromine, as in the case of symeresis. Addition of

materials which do not form derivatives of rubber has no effect. An
exception to this statement was found in the case of vulcanization

accelerators, which probably form no rubber derivatives, but allow the

earlier occurrence of exudation when otherwise insufficient amounts of

sulfur chloride.are present. {See p. 316.)

The work of Bernstein and of Le Blanc and Kruger therefore fully' con-

firms the results found by Hinrichsen and Kindscher, so that it may
now be taken as certain that the action of sulfur chloride upon rubber
is a chemical one, and that rubber can combine with half its weight of

sulfur chloride. What proportion applies in technical cold-vulcanized

rubber goods, which contain much less sulfur chloride than corresponds
to the highest vulcanization stage, still remains unknown.

It may^ be mentioned here that in the scientific investigations there was
usually' employed a sulfur chloride (which was obtained by' the purifi-

cation of the technical product), the composition of which corresponded
to the formula S 2CI 2 . Doubtless this accounts for the difference between
the laboratory and factory vulcanization processes, which difference
is shown by the fact that technical products frequently contain more
sulfur than corresponds to the ratio (C1:S). G. Bruni and jM. Aniadori,^^
who have studied this question thoroughly, believe that this can be
explained by the formation of polythiochlorides. They proved that a
solu%n of pure sulfur chloride in bromoform showed a freezing-point
lowering which corresponded to the formula S 2CI 2 . However, mixtures
of sulfur chloride and sulfur in the same solvent gave a somewhat smaller
freezing-point lowering than corresponded to the sum for the individual
substances. It therefore seemed that polythiochlorides were present in

such solutions. If the values found and calculated are compared with
each other, and if the approximate formula of the complex is ascertained

Elektrachem,, 27 , 335 ( 1921 ). India Rubber 58, 129 , 171 ( 1919 ).



VULCANiZATION OF RUBBER

inatlieraatically, it is found that in bromoform solution, the highest of

these complexes conforms to the formula S^Clo. It is probable that there

are present chlorides with even higher sulfur contents (C 1 S«CI). Be-

cause of the presence of these polythiochlorides, poly-thio derivatives are

funned by the treatment of organic compounds with technical sulfur

chloride, and so there are formed in the cold vulcanization of rubber,

products which contain sulfur in higher ratios than S :CL The polysub
fide sulfur from such poly-thio derivatives is probably split olt, and in-

tlie nascent state is able to add to the double bonds of the rubber hydru-

carl 1011 I see p. 32

1

)

.

These studies of cold vulcanization followed many investigations of the

chemical mechanism of hot vulcanization. Hinrichsen again took issue

with \Xo, Ostwald, and pointed out that adsorption equilibria were
usually attained more rapidly than was the case in the chemical reactions

of iindissociated organic compounds. According to Hinrichsen, although

the typical colloid nature of rubber pointed directly to the assumption
that ill viilcanizatiom pure surface adsorption of the vulcanizing agent
took place primarily, many authorities on rubber cite phenomena wliich

show that after the adsorption, chemical union of the adsorbed material

occurs. If this is true, then the second part of the process, the chemical

union, occurs not only at temperatures which are ordinarily used for hot

vulcanization (above the melting point of sulfur), but also at aiiv

temperature whatever. Naturally, however, the velocity of the reaction

will be less if the existing temperature is lower. The phenomenon of

“atter-viilcanization’' agrees with these theoretical considerations. If

hot-vulcanized rubber goods which contain “t'ree^" sulfur are stored for a

long time, the amount of sulfur combined with the rubber increases more
or less rapidly, depending upon the kind of storage and the type of

rubber mixture. These processes have been studied more in detail in

the Haterialpriifur.gsamt at Berlin-Dahlem, with a vulcanizate of Para

rubber and sulfur. The results of these experiments are evident from

Table 1 .

XArz-E 1 .—SiFfiir Determwations hi “After-Vulcanised'^ Samples,

Kind of Storage

Original sample
6 months, room temperature, dark, moist
6 months, room temperature, dark, dry ...

6 months, on roof
6 months, at about 70" C., dark, moist ...

6 months, at about 70" C., dark, dry

Total Free Combined
sulfur sulfur sulfur

per cent per cent per cent

9.0 4.5 4.5

8.9 4.3 4.6

9.0 4.1 4.9

8.4 2.3 6.1

8.5 2.0 6.5

8.6 1.1 7.5

Therefore, it is seen that the vulcanization process, when once induced,
proceeds slowly at room temperature. These results raise the question
as to tvhether a gradual union of sulfur with rubber in unvulcanized
mixtures also takes place at ordinary temperatures. Hinrichsen and
Kindscher sought to answer this question by the study of two mixtures,
one containing only rubber and sulfur, and the other containing rubber,

sulfur, and litharge, which is known to increase the rate of vulcani-

zation. Samples were cut from slabs of 1 mm. thickness, and were kept

« .V, ” S, 24S (1911). Cf, also J. Minder, EleMrocliem., 18 , 531 (1912).
J:./.;/ 14, 248 (1900).
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f,,r 18 months, with exclusion of air, some in the dark and some in the

davlight, and were then analyzed. It was found that a distinct, althoug-h

slHit, combination of the sulfur had begun, especially in those samples

which had been exposed to the action of daylight.

D. Spence thoroughly studied the influence of low temperatures

on the rate of hot vulcanization and “after-vulcanization.” Both vulcan-

ized and unvulcanized samples were exposed for several months to various

atmospheric conditions and temperatures, and the changes taking place

were ascertained by complete analysis. For these tests, Spence selected

two mixtures of well-purified rubber with about 9 per cent sulfur. The
one of them which was “slow-vulcanizing” inclined to quicker decomposi-

tion than the one which was “quick-vulcanizing,”*- the latter showing less

decomposition phenomena after a long time. The unusually interesting

results are reproduced in Tables 2 and 3.

Table 2.—Sloiv-Curitig Mixture.

Under- Normal Over-
Unvulcanizecl Vulcanized Vulcanized Vulcanized

Resin Combined Resin Combined Resin Combined Resin Combined
Experimental content S content S content S content S
Conditions per cent per cent per cent per cent per cent per cent per cent per cent

Initial value 1.06 1.31 3.05 1.82 4.32 2.18 5.91

Sample in dark

room (3 months) -.1.37 0.05 4.55 3.71 4.54 5.01 3.66 6.56

Sample in sun-

light (3 months). .1.46 0.07 4.54 3.64 4.74 4.94 3.78 6.50

Sample in thermo-

stat (3 months

at 40° C.) 1.48 0.11 4.87 4.14 4.78 5.46 3.97 7.02

Table 3.

—

Quick-Curing Mixture.

Under- Normal Over-
Unvulcanized Vulcanized Vulcanized Wilcanized

Resin Combined Resin Combined Resin Combined Resin Combined
Experimented content S content S content S content S
) rdition? percent percent percent percent percent percent percent percent

Initial value 2.53 0.193 2.78 0.876 2.85 2.502 3.353

Samples in dark
joom (3 months). .2.36 0.205 2.24 0.969 2.30 2.615 2.34 3.741

Samples in sun-

Jight (3 months). .3.85 0.244 3.58 0.901 3.50 2.539 3.59 3.620

Samples in thermo-
stat (3 months at
40° C.) 2.29 0.350 2.36 1.086 2.26 2.801 2.35 3.888

It may be seen that in rubber mixtures which do not tend to deteriorate
during a storage of three months under ordinary atmospheric conditions,
as well as at 40° C., little if any vulcanization occurs. Whether the sam-
ples be kept in daylight or dark is immaterial. However, mixtures in

which decomposition phenomena appear show under the same conditions
an appreciable, and in some cases a considerable, increase in the amount
of combined sulfur. Spence also sought to determine the temperature
at which appreciable vulcanization became evident. He used two
“quick-vulcanizing” mixtures, pigment-free and not inclined to decom-

^KoUoid-Z., 10, 299 (1912). Translator’s Note. According- to Spence,
’Upon whg,t the property of “quick vulcaniza- the “quick-ciiring” mixture contained piperi-

tion” of the mixture depended is not indi- dine as an accelerator. See p. 19, and J. Sac,
cated in the work. Chem. Ind., 36, 118 (1917).
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position, with about 9 per cent of sulfur^ and heated samples of these in

sealed g-lass tubes in a thermostat at 50^, 65°, 80°, 95°, and 110° C.

l1ie c‘jmbined sulfur content of these samples was determined after 1,

5, 6, and 9 days. The results showed that vulcanization in the mixturej

not inclined 'to decomposition was very slight after 9 days at tem-

peratures up to about 60° C., but was quite appreciable at 80° C.

lliese findings created the impression that somewhere in the neigli-

!<irlK»od of flP C. there lay a “reaction temperature, at which the

vtilcaiiizatioii proceeded very quickly, but below which practically

no combination of sulfur took place. The most important thing which

these tests showed, however, was that the view widely quoted in the

literature since Holm and Minder—that rubber cannot be so vulcanized

that all the free sulfur disappears—was erroneous. Spence, in fact,

was able to show that a complete consumption of free sulfur can be

attained at temperatures below those employed in technical vulcanization.

In this manner was refuted one of the strongest arguments in favor of

the physical-chemical adsorption of combined sulfur.

I'iiiure 49—Hot vulcanization at

50° to 75° C

Tinie, days.

Ii: a later pul'lication, Spence and Young settled the question of

whether there actually existed a ''reaction temperature’' or “critical

teni]>eratiire’’ at which the rate of vulcanization suddenly changed, and

a!)Ove which vulcanization progressed regularly with increasing tem-

perature. They studied the rate of vulcanization of two mixtures con-

sisting of rubber and 10 per cent of sulfur in the temperature range of

50° to 75° C., at temperature intervals of 5° C. The first mixture, which
contained the purest acetone-extracted and therefore resin-free rubber,

vulcanized so slowly that after 90 days at 75° C., the amount of sulfur

taken up by the rubber was extremely slight (0.32 per cent) . The gradu-

ally increasing amount of imextractable sulfur with increasing time signi-

fied, however, that a slow vulcanization was taking place in this case.

In the second mixture, which contained 1 per cent of acetone-soluble
constituents, a vulcanization occurred at 50° C. As can be seen from Fig-

ure 49, a fully proportional and definite increase of the vulcanization

rate occurs with increasing temperature, and by calculation of the tem-

perature coefficient, or the yncrease of reaction velocity for each 10

degrees rise of temperature, it is found that the value obtained lies well

within the limits nor chemical reactions, according to van't Hoff. The
average temperature coefficient is 2.84. It was proved that a “critical

temperature” does not exist, but that the vulcanization of rubber takes

place at all temperatures.

« KoiioM’Z., 13, 265 C!913).
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In a series of later, more important publications, D. Spence stated his

position in regard to several points which, according to Wo. Ostwald
utYp. 275), should support the physical-chemical conception of the vul-

canization process.

Spence and Scott first established that the severest treatment of

vulcanized rubber with boiling- alkalies is not able to extract more than

a small part of the so-called “combined” sulfur. A further objection to

the adsorption theory was seen in the fact that reclaimed rubber (in

which the rubber is not devulcanized) {see p. 342) consumed during
vulcanization the same amount of sulfur, and combined with the same
amount, as it required originally. Even if it is assumed that by the

reclaiming process, the degree of distribution of the dispersed phase
has increased, it still seems unlikely that by increasing the absolute

surface of the adsorbing substance the adsorbing power has more than
doubled, and that this adsorption capacity can continue to increase until

finally the original rubber has adsorbed more than one-fifth of its weight
of sulfur,

A third and even more important objection to the physical-chemical

theory is seen in the behavior of vulcanized rubber upon bromination,

as P. Alexander had pointed out previously. It appeared that the sulfur

of vulcanization entered quantitatively into the bromination product,

and by careful bromination, a stoichiometrical relation undoubtedly
existed between combined sulfur and bromine, whereby S = Br^. The
capacity of vulcanized rubber to be brominated is dependent upon its

equivalent content of sulfur of vulcanization. Since the change which
takes place upon the bromination of the unsaturated rubber hydrocar-
bon undoubtedly consists of the addition of bromine to the unsaturated
bonds of the hydrocarbon, then it follows directly that vulcanization

probably depends upon the saturation of the double bonds of rubber
by sulfur, which process is assumed to be incomplete in the case of soft

rubber. It is likely to be difficult to use the physico-chemical adsorption
theory as a basis for the explanation of the stoichiometrical relationship

between sulfur and bromine in the bromine derivative of vulcanized

rubber.

Spence and Scott further observed that the free sulfur could not be
quantitatively removed by a day-long extraction of vulcanized rubber
with acetone, and that the course of the extraction is similar to that of

the extraction of electrolytes from gelatin with water. As long as large

amounts of free sulfur are contained in the vulcanizate, free sulfur is

extracted at the same rate. When only small amounts are present, how-
ever, the amount of sulfur removed in equal intervals of time is not the
same, and the average curve of the extraction assumes the form of an
adsorption isotherm. Spence and Scott concluded that the so-called

“combined” sulfur is chemically bound to the rubber, but that an adsorp-
tion of sulfur also occurs during the vulcanization, and that this adsorp-
tion is limited to the “free” sulfur {see p. 289). The so-called “free”
sulfur therefore is made up of adsorbed sulfur and a greater or less

amount of actually “free” sulfur, the amount of which depends upon
the state of vulcanization. These authors also assume, as did Hinrichsen,

^Kolloii-Z., 8, 304 (1911): cf. also B. W. Chem. Soc., 53, 65 (1921).
fiysow and M. K. Popowa, /. Russ. Phys. ^ Chem.’Ztg., ZA, 789 (1910).
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that the adsorption is an essential step which precedes chemical union

in the vulcanization process.

Spence and Young thoroughly investigated the course of vulcaniza-

tion. The purest Ceylon Para rubber, which had been extracted with

acetone and was therefore free from resins, was vulcanized wdth 10 per

cent of sulfur at temperatures of 135° C. and 155° C., in an apparatus

which could be maintained at constant temperature. The vulcanize.-;

samples were then thoroughly extracted with acetone, and the combined

sulfur was determined in the extracted ^samples. The experimental data

are plotted in the two curves of Figure 50, which show that vulcanizati.ir:

proceeds continuously since no breaks are observec^in the curves. The

wideiv discussed breaks of Weber’s curves (see p. 273) are probably due

to experimental error. Furthermore, Spence’s_ earlier experimental re-

sults could be confirmed, as the total available free sulfur was consumed

after vulcanization had been continued 20 hours at 135° C. From the

results obtained at 155° C., the temperature coefficient of the reactior.

was calculated. This coefficient was used as an argument against the

adsorption theory, as the value was found to be 2.65, a figure well withir.

the limits assumed for chemical reactions. It was, therefore, fully in accord

with a chemical conception of the vulcanization process.

Time, hours

Figure 50—Hot vulcanization at
135' and 155° C.

Figure 51—Hot vulcanization

(according to Spence).

Spence and Young also prepared a mixture of resin-free rubber with

37 per cent sulfur. This mixture, which contained 5 per cent more sulfur

than would correspond to the highest stage of vulcanization (CioHiuSw

as described by Weber, was vulcanized at 135° C. in the apparatus pre-

viously mentioned. The experimental data are plotted in Figure 51.

Here also a non-hyperbolic curve free from breaks was obtained. The

highest value for combined sulfur content, 31.97 per cent, was reached

after vulcanization for 20 hours. No more sulfur combined with the

rubber after longer heating. The maximum figure obtained for combined

sulfur agreed very well with the empirical formula C10H 16S2 . The dif-

ference between these results and those obtained by earlier investigators

(C. O. Weber, for example) can only be ascribed to the inadequacy of

experfmenial apparatus and to the impurities in the materials used in the

earlier work.
The observation of Spence and Young that resin-free gutta-percha

and balata react wdth sulfur in a manner similar to rubber is also of

interest

A”, J-Z., 11, 28 (1912). contradicts the views of Spence and YotiQl.
*' ly 35 (1912); 13, 269 (1913). withiout introducing any experimental ers-

W:-. O-iwriA: IKolhii-Z., 11, 34 (1912) ] dence or any new theoretical viewpoint
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As evidence for his adsorption theory, Wo. Ostwald has cited an
investigation of Axelrod,^® according to which the amount of sulfur

taken up during vulcanization should depend to a considerable extent

upon the previous mechanical treatment of the rubber. Later work by
Spence and Ward,^® however, by no means confirmed the results of

Axelrod. It was shown that, by lengthy mastication of the rubber-sulfur

mixture on hot rolls, the mechanical properties of the vulcanizate were
unfavorably influenced, but that the affinity of the rubber for sulfur

ivas not changed. Two 100-part samples of the same Para rubber were
masticated on hot rolls, one for 30 minutes, the other for 1% hours, and
within ten more minutes each was mixed with 10 parts of sulfur. Exami-
nation of the samples after vulcanization showed that, under the same
experimental conditions, the sample which had been masticated for a

longer time did not combine with sulfur more rapidly than the one which
had been masticated for a shorter time.

The investigations of Spence and his co-workers satisfactorily demon-
strated the unreliability of the experimental data cited by AVo. Ostwald
when he advanced the adsorption theory. Spence summarized the
experimental results obtained as follows

:

1. Vulcanization is a chemical reaction, and obeys the laws which are

valid for chemical reactions.

2. Vulcanization may take place
, at all temperatures, and progresses

slowly or rapidly, according to the conditions under which it occurs.

The temperature coefficient of vulcanization lies within the limits as-

samed for chemical reactions.

3. The reaction progresses quite regularly, and reaches its end-point
when a compound containing 32 per cent of sulfur has been formed.

If the formula of rubber is assumed to be (CioPIicOm in every case

the final product of vulcanization is a compound of the formula
iCioHieSo)^.

Hinrichsen and Kindscher also investigated the reactions which
occur during hot vulcanization. They were able to verify the essential

parts of the experimental results of Spence. In order to obtain clear

and easily reproducible results, the vulcanization was performed in

solution. A constant volume of a 2 per cent solution of Hevea plantation
rubber in pseudo-cumene was heated with increasing amounts of sulfur

for periods of 4 and 8 hours. The reaction mixture was then allowed
to stand until the excess sulfur had separated. After filtration, the
solution was added dropwise, with thorough stirring, to three or four
times its volume of acetone, and was allowed to stand overnight. Dur-
ing this time the precipitate which had formed, settled. The precipitate
was thoroughly extracted with acetone, and the combined sulfur was
determined in the dried product. These experiments showed that with
increasing quantities of sulfur (added at the beginning) and with increas-
ing time of heating, the sulfur contents of the resulting products in-

creased and approached values asymptotic to the value 32 per cent.

These results were in complete harmony with those which Weber and
Spence had obtained by a different method. The curves obtained for
the course of vulcanization, however, were not as regular as had been
expected.

^Gnmmi-Ztg., 24, 352 ( 1909). Kolloid-Z., 11 , 274 (1912). Ber., 46, 1291 (1913 ).
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Since it seemed probable that the proportionately large temperature

diictiiations within the thermostat were responsible for the errors, new
experiments were carried out by J. Wriick."*^ He used an oil thermostat,

in which the fluctuation of ternperature during the eight hours of the

experiment was ±: 5^ C. The experiments were conducted at 170^ C,

using Ceylon plantation rubber, with vulcanization periods of 2, 4, 6,

and "8 hours, and sulfur concentrations of 1 to 12 g. per 100 cc. of the

pseudo-cumene schiition of rubber. The experimental results are shown

ill Figure 52. The curves for the different periods of vulcanization

slu ov a fairly ncumial course, if slight irregularities are excluded.

Obviously, the curves rise rapidly and approach a fixed end value, which

lies at approximately 32 per cent combined sulfur in the curve for the

sample vulcanized eight hours with the highest concentration of sulfur.

This was not exceeded in any case, even with longer duration of vulcani-

zation. The reaction product corresponding to the flattening of the

curve evidently represents the final product of the interaction between
rubber and sulfur, and therefore the highest possible degree of vulcani-

zation. In the range of lower sulfur concentrations, the influence ut

the quantity of sulfur present on the rate of increase of combined sulfur

is rather important, and the curves rise rapidly. The distance of the

curves from one another for the different periods of vulcanization pre-

sents a further criterion for judging the course of vulcanization. The

part of the sulfur was combined during the first stage of the heat-

At tV of Iliiirieh'^en, Inaugural Heissvulknnisation des Kautschuks,” Drestlfii,

Oi'.H'naiiow, “Beitrage z«r Theurie der 1915 .
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ino*,as is shown by the time curves. The process advanced rather slowly,

amfat such a rate that from the end of the second hour to the end of the

fourth, approximately as much sulfur was combined as was combined
from the end of the fourth hour ^to the end of the eighth. The curve

for the sample which was vulcanized for six hours lies almost halfway
between the two neighboring curves.

In order to determine whether or not vulcanization is an addition

reaction, Wriick investigated the behavior of the above vulcanizates

with chloroform solution of bromine. He found that although the rubber
samples which were in the lower degrees of vulcanization decolorized

this solution approximately in proportion to the amount of sulfur

which had combined with the rubber, the product containing 32 per

cent combined sulfur no longer decolorized the bromine solution. In

the last-mentioned case, therefore, all the double bonds of the rubber
molecule are saturated v^dth sulfur.

While Spence and Hinrichsen, with their co-workers, were success-

fully opposing the adsorption theory on an experimental basis, H.
Loewen^^ sought to establish its untenability from a theoretical stand-

point. After examining critically all the works of the older investigators

cited by Ostwald, he came to the conclusion that no compelling argument
for the conception of vulcanization as an adsorption phenomenon re-

mained in existence, and that none of the observed phenomena presented

anv hindrances to the purely chemical conception of the process. He
demonstrated particularly that, assuming the correctness of the earlier

investigations, the adsorption equation —— k- could not be applied to

them, since all of the calculations are erroneous. It was his assump-
tion that Ostwald had probably been misled by a typographical error.

In a further investigation, Loewen turned against the conception of

Spence and Scott {see p. 285) that during vulcanization the adsorption of

free sulfur is a step preceding chemical combination. He showed that, al-

though the curves for the course of extraction of the free sulfur appear to be

similar to adsorption curves, any real relation to adsorption curves is lacking.

They merely show the progress of the addition of sulfur, as indicated by the

results of the different extractions, without any relationship between the con-

centrations of sulfur at the beginning and at the end of vulcanization. From
the same experimental data of Spence and Scott, Loewen constructed a curve

showing the solubility of free sulfur in vulcanized rubber. This curve had
nothing in common with an adsorption curve.

Loewen then further investigated the solubility of sulfur in rubber. In

a study of the literature, he discovered an observation of C. O. Weber, re-

corded as follows : '‘Sulfur is usually heated about 20° above its melting
point during vulcanization. It first forms small droplets of molten sulfur,

which lie embedded in the mass of rubber and may easily be observed with a

microscope during the earlier stages of vulcanization. These droplets dis-

appear as the temperature rises and the vulcanization proceeds. Their dis-

appearance may be partly due to the fact that the sulfur enters into combi-
nation with the rubber, but on the other hand, it also may be traced back to

angew. Chem., 25 , 1553 (1912). [Gummi-Ztg., 45 , 622 (1931)].
Translator’s Note. This conclusion has been Z. angew, Clwfn., 25, 1610 (1912).
the subject of some discussion by Ostwald Gutnmi-Ztg., 27, 744, 923, 1301, 1647 (1913).
[Gummi-Ztg., 44 , 1743 (1930)] and Loewen Guinmi-Ztg., 18 , 83 (1903).
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tlie fact that a simple solution of molten sulfur in the softened rubber

h V dro-ca rl;ion occurs
d

'

'W'eber apparently placed no great value upon the additional fact that

-trMiigly refracting droplets of sulfur separate in greater or less number upon
cooling’ the riib!.er after it has been vulcanized in the presence of an excess

of sulfur. His publications do not suffice, therefore, to demonstrate com-
pletely the solubility in question. His statements make plausible the observa-

tion that no more visible sulfur is found in hard rubber, even though

O 'n^iderable quantities can be extracted with acetone, a phenomenon which
WelcT Iiad noticed. Loewen undertook the task of determining, as exactly

as pc-ssihle, the solubility of sulfur in rubber. Like Weber, he used the micro"-

senpe ic'r this purpose, but he worked with dark field illumination. Vulcan-

Iziiiion of the sample was accomplished between a slide and cover-glass in a

;a!)oratory drying oven at 130^ to 140“^ C. If the sample was subjected tr;

la at for only a short time, the microscopic image showed that the sulfur was
melted and the preparation was nlled with various sized droplets of sulfur.

If the heating was continued further (20 to 30 minutes), the preparation

affjcared transparent. Upon cooling, more or less numerous droplets, of

various sizes, separated from the supercooled sulfur, which had remained

lifpiid below its solidifying point (114° C). Undoubtedly, these droplets re-

main as such until spontaneous crystallization occurs, which almost

always happens after some time. This phenomenon leads one to the

assiiinption that sulfur is much more .seduble in hot rubber than in cnld

rubber,

TI:c following observations by Loewen show that the sulfur is dissolved

ill rnolecukir form rather than in colloidal form. With long heating of the

rubber in which the sulfur was dissolved, the free sulfur disappeared, and

no further pa rat: 'u of sulfur occurred upon cooling the vulcanizate. In
,yi . .. -T ..1 “rubber sulfide'’ formed during vulcanization possesses a

"..'L r - 'hug power for sulfur than the riilffier itself, as is also suggested

I'lV !h.c urcvit'usly-mcntioiied behavior of hard rubber. Between the stage in

wluicii ‘Jie d.roplets separate out and that in wdiich the preparation remains

i'f inpletely clear, even when cold, there is a stage in which the rubber no

loi’.ger cuniaiiis enough free sulfur to be precipitated at proportionately higher

tcniyjerarures, but in which it is still supersaturated with sulfur at a lower

temperature. From such preparations, clear at first in the cold, the sulfur

crystallizes in part in beautiful moss-like shapes. Furthermore, Loewen
placed a piece of sulfur-free rubber between a slide and cover-glass and

allowed molten sulfur to enter in such a way that, as a result of the capillarity

ill ilie intermediate space, it penetrated and enclosed the rubber droplet at its

periphery. After heating the slide hour, he found that not only was the

c'Utcr border of the rubber apparently vulcanized thoroughl}^ but also the

^iilfiir was diffused, having apparently penetrated ‘deeply into the interior of

tl:e rubber droplet, where it separated on cooling, first as small droplets, and

then as crystals. Diffusion is, however, the important property which defi-

* Translator's Xi-te. C, O. Weber seems to

bave been the Sr-t to employ the microscoi)e
in tbe study of the vulcanization process.
A «eries of articles by P. Breiii! ICaoutchouc
T” f 2, SC. IIS, 15S, 197 (1905)3
rrT re'Snts an. Ju 7 ,r:aTn. early contribution to
t -.e sv.'ject. T. L-v,er;'r work fl913) was fol-
iMwed by a ndcroscopic study of the phenom-
enon of the “blooming'* of sulfur by Regnaud

[Chimie and industrie, 18, 93 (1927)]. More
recent microscopic experiments are reviewed
on p. 646.
Refinemenjis of microscopic terhr’>::e recerth’

applied to the observation {>•' d.-L- v -'hv.
•

process by Dannenberg-, Ci-t-'-'-'d'-.

Htinemorder, Miedel, and Walton, are de-

scribed on p. 641.
**The Chemistry of India Rubber,’* p. 112,

Griffin and Company, London, 1909.
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iiitely
differentiates true solutions from colloidal ones. The opinion of Spence

and Scott, that adsorption of free sulfur plays a part in the beginning stages

0 f
vulcanization, hardly appeared plausible to Loewen, in view of these ex-

periments. If one assumes that adsorption processes occur, the presence of

ail adsorbing surface must be presupposed. In a true solution, such surfaces

are unthinkable. Therefore (since sulfur has been found to form a true

solution in ruliber), the idea of adsorption must lie excluded from the con-

sideration of the problem of vulcanization. According to Loewen, the ex-

planation of the vulcanization process is as follows : the sulfur tirst melts,

and then is dissolved in the rubber, in order to combine chemically with the

latter in quantities which increase with the time of vulcanization.
'

Further experiments upon the solubility of sulfur in vulcanized and mi-

vtilcanized rubber were performed by H. Skellon.®^ Thin slabs of sulfur-

free rubber and of unvulcanized rubber containing various amounts of sulfur

were pressed together and heated for different intervals of time at the usual

temperatures of vulcanization. The migration of sulfur from layer to layer

was followed by analytical means. It was found that the sulfur did not mi-

grate in all directions with equal speed. In a system of two adjacent layers

of rubber an equilibrium of vulcanization is soon established, and the content

of free sulfur in each layer definitely depends only upon the weight of rubber

in the layer. The experimental procedure also made possible the approximate
determination of the maximal solubility of sulfur, which was found to be

about 10 per cent at the ordinary vulcanization temperatures (132° to

143° C.). These experiments also showed that sulfur dissolves in

“rubber sulfide,” and that its solubility in “rubber sulfide” is greater

than in rubber itself. This observation offers a further explanation of the

known fact that hard rubber can contain much greater quantities of free sul-

fur than can soft rubber, without the appearance of sulfur bloom. If it is

assumed, in analogy to the behavior of other sulfide solutions, that polysulfides

form in such solutions of sulfur in rubber sulfide, the observations made by

various investigators that ^^after-vulcanization” proceeds more quickly in

vulcanized than in any unvulcanized rubber, would be explained, since the

sulfur produced by the decomposition of such polysulfides should be unusually

active {see p. 283)

.

Venable and Greene"’^ showed that the solubility of sulfur in rubber increases with the

temperature and whth the coefficient of vulcanization.* At values of combined sulfur

greater than 7 per cent, no reliable data could be obtained, since migration of the sulfur

was apparently retarded. It should be mentioned that Endres [India Rubber World,
68, 635 (1923) ], from the microscopic examination of films from evaporated cements,
stated that the solubility of sulfur in rubber increased from 6.5 per cent at 95"* C. to

more than 10 per cent at 110° C. Kelly and Ayers \_Ind. Eng. Chem., 16, 148 (1924)]
applied Henry’s law to rubber-sulfur mixtures and concluded that the first step in vul-

canization is the solution (not adsorption) of sulfur by rubber. They found that the

solubility of sulfur in rubber at 30° C. is about 1 per cent.

More recent microscopic observations by Loewen [Knutschuk, 4, 243 (1928) ] indicate
that sulfur dissolves molecularly (probably as Ss) in the rubber, and he finds no evidence
of “thio-ozone” or “thio-ozonides.” By noting the temperature at which a thin film of
rubber-sulfur mixture became clear upon heating, and the temperature at which it became
cloudy upon cooling, Loewen determined that the solubility of liquid sulfur in raw rub-
ber is 5 per cent at 53° C., 7.5 per cent at about 86° C., and 10 per cent at about 108° C.

Skellon reached somewhat different conclusions regarding the kinetics of

vulcanization than did Spence, who studied mixtures of rubber with 10 per

14, 96 (1914). Eng. Chem., 14, 319 (1922).
C. S. VenriLle and C. D. Greene, J. Ind. * Translator’s Note.
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cent rif sulfur, and who thus was working with ru]>ber which was saturatecl

with sulfur at the start of the reaction. In this way, Spence did not encounter

the formation of comparatively large quantities of rubber sulfide, which were
able to influence the reaction through the formation oj polysuifides. By the

viilcanizatiun of riihher mixtures containing 20 to 50 per cent of sulfur.

Skellon readily obtained S-shaped curves, and concluded that polysuifides

were funned as well as rubber sulfide. These polysuifides, he thought, ac-

celerated the reaction of vulcanization by acting as sulfur carriers. This
t opinion was strengthened hy the fact that in the calculation of combined sul-

fur based upon the amount of rubber sulfide present, discrepancies appeared

wliicli could not be accounted for by consideration of rubber resins, etc.

Skellon accounted for the discrepancies by assuming the presence of poly-

Milfides, wliicli were not decomposed by boiling acetone at ordinary pressures.

Wlieii these extracted residues were treated with acetone under pressure, a

considerable additional quantity of sulfur could be extracted.

F. Kircliliof experimented with the oxidation of vulcanizates at 100° C.

in a current of air. He observed that one-third of the sulfur combined with

tlie nil Ter was easily oxidized. It might be assumed that this portion of the

was less firmly coiiibiiied with the rubber, but it is improbable that

there is an adsorption of sulfur which cannot be extracted from the vulcan-

izates hy acetone. If such were the case, after the oxidation (which causes

a tlioroiigh breaking up of the colloidal condition) this sulfur should be ex-

tractable by acetone and thus be detectable. However, this does not occur.

If the total sulfur of vulcanization is considered to be chemically combined,

and if it is considered that two-thirds of it remains in the oxidized product

wliile fiiie-tliird of it is removed by oxidation, then according to Kirchhof,

one returns to the hypothesis already proposed by H. Erdmann {see p. 274
1 .

tliat an addition prucluct uf thio-ozone (S3) to the hydrocarbon is involved

in tlie vulcanization of rubber:

— C —

S

\
s

/— c—

s
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The atom of sulfur not directly combined with the rubber was considered to

be the one which would be removed by oxidation.°°

Kirchhof on the basis of later experiments, came to the following con-

clusions: The “depolymerizatiun” effected by the heat during vulcanization

accounts fur the greater speed of reaction of the rubber colloid. In this con-

dition, the more reactive sulfur, that is, the thio-ozone, acts to condense the

rubber complexes. At the same time, there occurs a combination of a part

of the sulfur. The latter occurrence is regarded as a necessary attendant

plienemeimn, rather than the specific cause of vulcanizaltion. The condensing
ca:a;yt:c ; action of the sulfur (as thio-ozone) is more often regarded as the

priiiiary factor in vulcanization. From the standpoint of colloid chemistry,

the change which the rubber undergoes in the addition reaction, and thus in

^Ktj!hid-Z., 13, 49 ( 1913 ). ent in three form.*;: (1) acetone-soluble (2)
Bysom' Russ, Fkys, Chem. Soc., S3, 79 oxidizable, and (3) neither extractable nar

1.1921)1, on the oasis of experiments on the oxidizable.
oxidation of vulcaniptes with bromine water,
came to ilie that sulfur was pres- ^Kolloid-Z., 14, 43 (1914).
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vulcanization, is as follows : From the state of least dispersion, in which the

rubber exists in the cold, it goes hy mechanical working, heat, or light, into

a state of greater dispersion. Certain chemical elements and compounds be-

have in a quite analogous manner. The increase of reaction velocity, which
accompanies the increasing degree of dispersion, finally leads to addition, or

condensation, and thereby again to a state of less dispersion. Therefore, ac-

cording to Kirchhof, hot vulcanization would produce a conversion of the

colloidal state of the rubber (in which the molecular forces acting in various

directions are limited) into a more vectorial state. The presence of niolecu-

larly dispersed elements or compounds therefore provides direction for the

irregularly arranged forces of the colloid. Kirchhof sees in this conception

a middle course between the purely chemical and the purely physical con-

ceptions of vulcanization.

Although Kirchhof had already considered to some extent the physical-

chemical conception of vulcanization, the whole question appeared in a new
light through the experiments of C. Harries.®^ These experiments, which
Harries conducted with the assistance of E. Fonrobert, were performed as

follows: Para rubber was mixed with 10 per cent of flowers of sulfur, and
vulcanized for 30 minutes at about 145° C. under a pressure of three atmos-

pheres. The vulcanizates showed normal values for good Para rubber in the

mechanical testing. If the mixture was stretched into the form of a thin

sheet immediately after heating and was extracted for a long time with

acetone, the test piece was found to have yielded nearly all of its sulfur to the

acetone after 60 days.®^ Harries therefore concluded that ordinary vulcani-

zation must be sharply dififercntiated from complete vulcanization, as the

former is used in the production of many important soft rubber articles, and
the latter finally leads to the production of hard rubber. According to his

viewpoint, two reactions are to be considered in ordinary vulcanization
:

pri-

mary vulcanization and “after-vulcanization."’ The transformation of the

first into the second stage takes place (he states) during prolonged storage

in warm places, or in service. He further concluded from his experiments

that the primary vulcanization was an adsorption reaction, and that the sulfur

of the product of primary vulcanization did not go over into derivatives such

as the hydrochloride. In contrast to this behavior, a vulcanized product

which had undergone “after-vulcanization” yielded a hydrochloride which
contained more or less sulfur. These conclusions agreed with the findings

of Alexander and of Axelrod. Harries believed that natural rubber is in a

metastable form, which is converted by primary vulcanization into another
less reactive modification, the vulcanizate, or stable form. Hence, vulcani-

zation should also be possible by the use of other materials (see p. 341). The
transformation of the metastable form into the stable form is also accom-
panied by a change of chemical. properties, for the hydrochloride of natural

rubber is dissolved by chloroform, while the hydrochloride of desulfurized

vulcanizates is completely insoluble in chloroform. The elementary compo-
sition of both is the same, but their decomposition products are diflferent.

The stable form is only difficultly attacked by ozone, and the solubility be-
havior of the two modifications is very different. It should be especially

noted that the product of primary vulcanization extracted by acetone is

not again subject to hot vulcanization, but produces blistered or brittle prod-

^Kolloid-Z,, 19 , 1 (1916); ‘‘Untersuchungen agree with results previously obtained by
« • . . p. 104. the chemists of the Continental company at
According to Harries, these observations Hanover.
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ncU. Harries lhoii.t^lit t!iat this was due to the fact that only the inetastable

form of ruliljer is in the certain colloidal condition which adsorbs sulfur,

wlicrehy the vUiCaiiization product obtains the tenacity and elasticity which

arc required for technical purposes.

H. P. Stevens repeated the work of Harries and Fonrobert, and vul-

canized mixtures of Para rubber and sulfur for 19 and 30 minutes at 145° C
Tlie Yiilcaiiizates were extracted with acetone immediately after the heating

process, and the extracted rubber was analyzed for combined sulfur after

one, tw'O, four, and nine weeks of acetone extraction. It was found that the

sulfur content of the vukaiiizate remained the same throughout the extraction.

Stevens could not, therefore, confirm Harries’ results. What circumstances

resulted in the products which were so thoroughly examined and described

by Harries are uncertain even today. Although Harries’ idea of ‘'primary

vulcanization” and “after-vulcanization” is at least doubted today, it is inter-

esting to note that there is an increasing tendency to consider the vulcanization

process as consisting of two different simultaneous reactions. It is thought

that the reaction involving the addition of sulfur to the double bonds of

rubber predominates in the formation of hard rubber, but that in the forma-

tion of soft rubber, it is not the principal reaction.

The ccnchisions which Kirchhof had reached in 1914 (see p. 292) led

him to further experiments. A mixture of 100 parts of pale crepe ru])ber,

^0 parts of mm:- of sulfur, 1 part of organic accelerator (sec ji.

3161, and 7 parts of litharge was vulcanized by heating for 40 minutes at

a steam pressure of 3 atm. The vulcanizate had the same superficial ap-

pearance and mechanical properties as though it were fully vulcanized, while

a similar mixture which contained neither litharge nor magnesium oxide nor

a larger quantity of organic accelerator as a substitute for litharge, was
still typically under-vulcanized after 60 minutes’ heating. Since the viilcani-

zate c'^nta’ninc: litharge was black, it apparently contained a considerable

quantity of lead sulfide, and so only a small amount of sulfur could have
combined with the rubber. Analysis showed 0.55 per cent of combined sulfur,

Kirchhof therefore concluded that the litharge seemed to exert a specific

effect in hot vulcanization in combination with organic accelerators, either the

’.mtural accelerators originally present in the rubber or those added to the

mixture. How correctly Kirchhof estimated the relation wdll be seen in

later chapters (see p. 309). In discussing the reactions which take place in

b.nt vulcanization, Kirchhof expressed the opinion, which has often been re-

peated since then, that a “depolymerization” precedes vulcanization. If a

cyclic structure be assigned to rubber, then it may be postulated that the first

step of the vulcanization depends upon the reaction between sulfur and the

free bonds of^the terminal methylene groups appearing in the depolymeri-
zatien of the ring molecule, together with a linking of two or more molecules:

— CH.— S — S — CH

— CH,— S — S--CH

If it is also assumed that sulfur, which consists of Sg at its boiling point, has

««/. Sor. InC, 38, 192T (1919). p, Kirchhof, KoUoid-Z., 26, 168 (1920).

CH.
\
\
S:

-cm

\

CH,-
/

\
CH.-
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entered as such (with the help of partial valences) into reaction with the free

bonds of the methylene groups according to the above formula, a gradual

dissociation into S 2 molecules first occurs. This assumption could explain

the remarkable results of Harries' experiments, for such sulfur can be ex-

tracted by solvents. Only at higher temperatures (above 130° C.) and higher

concentrations of sulfur (over 10 per cent) can the rubber molecule add
considerable quantities of sulfur to its double bonds. Such sulfur is no longer

removable from the rubber molecule by physical means or by the ordinary

chemical solvents for sulfur, without profound change of the rubber molecule.

Therefore, according to Kirchhof, two kinds of “vulcanization sulfur" must
he differentiated: a molecule (S 2 or Ss) bound to the end methylene group,

which effects the condensation (vulcanization) of the depolymerized single

molecule; and another, which apparently is added as atoms to the double

bonds of the rubber hydrocarbon, and leads to hard rubber formation.

Van Iterson pointed out that in constructing a theory of the vulcanization

process, it must be borne in mind that ordinary sulfur (SA= Ss) changes

into other forms on heating. These could account for the combination of

sulfur with rubber, and the velocity of the vulcanization process must be de-

pendent upon these changes. However, Twiss and Thomas later showed
that under the usual technical conditions of vulcanization, SA, the ordinary

crystalline sulfur, and Sjul, the insoluble modification, which forms a part of

the true flowers of sulfur, are practically identical in their action in vulcani-

zation. Their vulcanizing action is apparently to be credited to the rapid

conversion of S/z at the prevailing temperature into an equilibrium mixture,

which is composed chiefly of SA with some Stt, and in which the quantities

Ilf Stt increase noticeably if the temperature is raised to 140° C. or higher.

On the basis of calculations based upon the data of Twiss [/. Soc. Chon, Ind., 36 ,

782 (1917)] and Twiss and Brazier Soc. Chon. Ind., 39 , 125T (192UH, and upon
certain data of Spence, Skellon, and others, Nordlander 1/. Fhys. Chon., 34 , 1873

! 1930) ] has concluded that in both hot and cold vulcanization, the vulcanizing agent is

activated amorphous sulfur (S/^).* The mechanism of the process he believes to include

the adsorption of sulfur on rubber and the chemical combination of activated with
rubber. For a further discussion of this theory, see Loewen, Knutschuk, 7, 227 (1931) ;

8,15 (1932) and Nordlander, Kautscimk, 7 , 228 (1931) ; 8 , 13 (1932).
Dannenberg [Kautscimk, 3, 104, 128 (1927) ], as a result of observatums with the

"’tT.-rr:c*'c?copr:. has proposed the following explanation of the vulcanization process :

/.; '.'n'-carizai io"! is begun by the change S\ S/W and the separation of col-

kiidal Sjtt.

(2) Accelerators are compounds which accelerate the change S\ > S,tt.

(3) Vulcanized rubber is a colloid system, in which raw rubber is the dispersing

medium and is the dispersed substance.

The Present State of Knowledge Concerning Vulcanization

Now that the investigations which are most important at present for an
explanation of the mechanism of the vulcanization processes have been out-

lined, all the known facts concerning this topic may be summarized in the

following statements.

Hot Vulcanization
k Vulcanization takes place at any temperature. It proceeds continuously,

either rapidly or slowly according to the experimental conditions, and normally

erslag. Mededeel. Afdeel. Handel Dept. ®"/. Soc. Chem. Ind., 40, 4ST (1921).
Landbouzo, 1916, No. 2, Series 2: Gummi-

31, 605 (1917). * Translator’s Note.
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iTaditr.- its ciid pnnit wIkmi a fn'uduct which contains 32 per cent sulfur is

fhlaiiiial

llii' niinjiiiiiii] ainuuni m' .sulfur required for the heiiinning of vulcanization was shown
f.v Bruni lAh’:'. >jOl caouti'houc, 8, No. 75. 19 ( I‘<31 ) ;

Kubhcr^ Chcm. Tech., 5, 295

<1932 I to be U.iS per cent, ha.sed on the rubber.=^ Results obtained by H. P. Stevens

and \V. H. Stevens [J. Soc. Chew, Imi., 51 , 44T (1932)] agree with this value. Tlit^

latter authors [./. Nov. Chew. huL, 48 , 55T (1929) ; 50 , 397T (1931) ] have also lounfi

that ilie vulcanization coefiicient may exceed 47, which is the value required by the

funtiula C-.FLS. Tliey lielieved that the combined sulfur in excess of this value resulterj

from substitution, but that such a reaction took place only_ at temperatures above 7u'

t., li.il? C. and then only in the presence of a large excess of sulfur.

The teiiiperatiire coefficient of the reaction velocity is from 2.6 to 2.8, and

therefore lies within the limits considered applicable to chemical reactions.

Later work indicates that this value may be somewhat lower.*
J._

R. Sheppard [!ndC
Rubber llhn'Id, 80, Xo. 2. 56 (1929)] found a temperature coefficient of vulcanization

Hi 2.59 fur a litharge stuck in the interval 242^ to 332° F. (press cures). C. R. Park

llnd. Euij. Chew., 22 , ilHj4 (1930)] obtained a value of 2.50 per 10° C. for a rubber-

sultiir mixture. Park and Maxwell [/;u/. Eng. Chcm., 24, 148 (1932)] found that tht

average temperature coefficient for mixtures accelerated with
_
2-mercaptDbenzothiazoIe

was L91 and for mixtures accelerated with crotonaldehyde-aniline, 2.32 (judged by the

physical tr pvrtic' of the viilcanizates ) . Using combined sulfur as a criterion, they ob-

tained i 2.30 and 2.07, respectiveh% for these stocks. Similar results have'been
observed by Sandstrom llnd. Eng. Chcm., 25, 684 (1933)] and by R. E. Morris [/jhn

Eng, Chew., 25, !4(K.I (1933)] with stocks containing other accelerators.

Vulcanization is an additive process which depends upon the addition of

sulfur to the double boiuls of the rubber hydrocarbon. This is proved by the

fact that hydruriibber ( prepared by the method of Staiidinger and Fritschi

which no longer contains any double bonds, can no longer be vulcanized.

That vulcanization is to be treated as a chemical reaction also follows from

the fact that sulfur-free rubber cannot be obtained again from viilcanizates,

and that die criiiibined sulfur passes over quantitatively into the product uf

the action of clilurine, bromine, nitrogen oxides, etc., upon the viilcanizates.

If vulcanized rubber is dissolved by treatment with solvents at high tem-

peratures, ant] then the solvent is evaporated, there remains behind a soft

sticky mass which possesses the same content of combined sulfur as the

original sample. An entire change of the physical properties of the vulcani-

zate has thus occurred.

2. The reaction product of ruhlier and sulfur is always less soluble and

less capable of swellings in the usual solvents for raw rubber, the more
combined sulfur it contains. Relatively small quantities of combined sulfur

suffice to change completely the behavior of rubber toward such liquids.®^

Xeither the fractionation of vulcanizates nor the vulcanization of raw rub-

ier by the admixture of reclaimed rubber has ever been successful. This

contradicts the assumption that solid solutions or adsorptions of sulfurized

hydrocarbons in or on excess rubber are present in such vulcanizates. It must

follow from this that in slightly vulcanized products all the rubber has been

clieiiiically combined with small amounts ofsulfur.f

3. The mechanical properties of vulcanized rubber-sulfur mixtures de-

pend upon the temperature of vulcanization and the duration of heating, and

* Traiislat<i'jr’'s f Translator’s Note. Using fractional peptization

^ ,

tests. Bacon [/. Phys. Chcm., 32, 8UI
Hck\ ttum. Acta, 5, 7S5 (1922), (1928)] found that rubber vulcanized witli

TLi » c* » r .
variou.s amounts of sulfur remained homo-

geneous even when the combined sulfur con-
i9ai (1919). tent was less than 0.1 per cent.



SUMMARY OP VULCANIZATION 297

are subject to manifold variations with increasing contents of combined sul-

fur. With soft rubber, however, a fixed amount of combined sulfur does

nut restrict the mechanical properties of the vulcanizate within fixed limits:

in particular, the presence of a fixed arnount of sulfur is not necessary to

nroduce the optimum mechanical properties. The same quantity of combined

sulfur in different samples of the same kind of rubber can result in completely

different mechanical properties, if varying conditions of vulcanization are

chosen.

4. Vulcanization with the aid of organic accelerators shows that the me-
chanical properties of soft rub])er viilcanizates are better, the shorter the

time and the lower the temperature which is necessary for the production of

the optimum (for a given case) of these properties.* xA. much smaller quantity

of combined sulfur is actually necessary for the attainment of this optimum
cure when very powerful accelerators are used, and the mechanical properties

of the vulcanizate are always better than when the vulcanization of a sample

of the same rubber is conducted in the absence of the accelerator for a longer

time and at a higher temperature.

5. If raw rubber is heated or masticated for a long time, it loses its “nerve”

and becomes soft and plastic. If it is then vulcanized, proportionately slight

quantities of combined sulfur suffice to change its physical properties con-

dderably.

These facts are still insufficient to obtain the clearest insight into the whole

complex question of vulcanization. They must rather he kept in mind, to be

considered further in connection with points treated in detail in other

diapters.

If the facts presented in paragraphs 1 to 5 are to be considered from a

dngle viewpoint, the nature of raw rubber must be briefly reviewed.

As we have seen in earlier chapters, raw rubber, as it arrives for manu-
facturing, is anything but a chemically uniform substance. In addition to the

niliber hydrocarbon, it contains the so-called rubber resins and proteins, sub-

stances which exercise a definite influence upon the rate of combination of

sulfur with the rubber hydrocarbon, as will be seen in the sections which
follow. Apart from these substances, however, a portion of the raw rubber
consists of the rubber hydrocarbon, which is not a uniform, but a polyphase
system, as Hauser and Pummerer were able to demonstrate. The latter in-

vestigator showed that the rubber hydrocarbon isolated from latex under
certain conditions could be separated, by treatment with cold ether, into two
fractions, the ether-soluble “sol-rubber,’’ and the “gel-rubber” which is diffi-

cultly soluble in ether. Pummerer has also shown that this “gel-rubber”

may become ether-soluble, by heating and mastication, for example, and that

such a soluble “gel-rubber,” when isolated from the solution, slowly" changes
again to the form which is difficultly soluble in ether.' He interpreted this

solubilizing of the “gel-rubber” as disaggregation, that is, as a destruction of

the inter-molecular (apparently colloidal) arrangement of the original rubber
molecules. The reverse process, i. e., the reversion to the ether-insoluble form
of the stored disaggregated “gel-rubber,*’ he designated as aggregatiori ; that

is^asthe gradual formation of such an inter-molecular arrangement {see p.

175 and following)

.

® Translator’s Note. N. A. Shepard and J. N. pounds vulcanized at high and at low tempera-
Street Und. Eng. Chem., 24, 574 (1932)] tures, although there seemed to be a trend
could observe no striking difference in the toward better aging properties in the corn-

physical properties of various rubber com- pounds vulcanized at low temperatures.
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By considering these ideas of Pummerer together with the opinion of W.
J.

Kelly outlined below, one may obtain the following view of the present

state of knowledge concerning the mechanism of the vulcanization process

:

If raw rubber" is heated and masticated, disaggregation occurs to a greater

or less degree, according to the temperature and the method of treatment.

To be sure, the so-called disaggregation must be considered together with a

partial melting of the solid rubber substance, since rubber which has been

made plastic upon hot rolls returns to somewhat near its original state rela-

tivelv quickly. Xow, if the action of sulfur in vulcanization were a surface

-b.erwn'.cnon* it would be expected that the affinity of rubber for sulfur would

change with increasing disaggregation, that is, with an increase in degree of

dispersion and the resulting enlargement of the surface of the rubber. Simi-

]ari\a it would be considered that if the action of heat and mastication should

induce a depolymerization in a chemical sense, a larger effective rubber con-

centration would be present, since there would be more free, active double

bonds present as a result of the depolymerization. Spence and Ward have

shown, however, that under the same conditions of heating, the addition of

sulfur to rubber does not take place more rapidly in rubber-sulfur mixtures

which have been masticated for a long time on hot rolls than in slightly

masticated mixtures.

The combination of sulfur with rubber during vulcanization appears to be

a chemical reaction—an addition of sulfur to the double bonds of the rulder.

It is kiit'iwii, furthermore, that isoprene molecules are grouped into the unit

molecule of rubber in such a fashion that one double bond remains in each

C-Hs-grfuip. Xo stopping point for the disintegration of the parent molecule

l>y mastication or by normal hot vulcanization has been shown up to the

present time. ^Moreover, since fractionation of the vulcanizates has not been

successful, in the present state of knowledge it is necessary to assume that

iieitlier >olid s<jhitions nor adsorptions of sulfurized rubber are present in the

siighuly vulcanized products, but that all the rubber has been combined with

a small aniruint of sulfur. Furthermore, one must assume that with continued

vulcanization, more and more double bonds become saturated with sulfur,

until the completely saturated product, containing 32 per cent sulfur, results.

If this a-sumptioii were correct, one would, like C. O. Weber, expect to find

a series of sulfur addition compounds, and the curves illustrating the course

of the vulcanization would exhibit sharp breaks. This is known not to be

the case. Rubber must not consist of unit molecules, therefore, but of aggrega-

tions of these. In addition, it is not homogeneous, but contains various phases

of the same unit molecule (various units made up from the same unit mole-

cule ’i in different degrees of aggregation. We should not, therefore, expect

only one series of sulfur addition compounds to be formed during vulcaniza-

tion, because every phase of the system will be enabled to form such a series,

and the content of combined sulfur in each phase will change with the size of

the aggregate. It is thus obvious that the curves illustrating the course of vul-

canization will show no breaks, in spite of the existence of several such series

of sulfur addition compounds, since the reactions proceed at the same time

and mutually overlap each other. It happens that with continued heating,

even during vulcanization, a disaggregation of the various phases will set in,

and this complicates the conditions.

According to these ideas, we have to deal with a number of sulfur addition

Bedford and Winkelmaim, “Systematic Sur- Catalog Co., Inc., New York, 1923.
Tey of Rcbber Ckemistry/* p. 70, Chemical
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pruflucts of various high degrees of aggregation, especially in the case of

soft rubber. To be sure, it is assumed that these differ only very slightly

in their physical properties, such as solubility, so that their separation is not

feasible with the methods in general use today. Since the structure of rubber

is not yet absolutely clear, however, these phenomena may be quite different.

The preceding and following statements are not to be interpreted as a theory

of vulcanization, but are merely to call attention to the gaps which must be

filled in the knowledge of the process. *

If a mixture of rubber and sulfur is heated, first the sulfur dissolves in the

rubber, and afterwards the chemical reaction occurs. At the same time,

the rubber is disaggregated under the influence of the heat.* This disaggre-

gation proceeds together with the combination of the sulfur, and is influenced

only by the rise of temperature and the method of heating. According to this

conception, we have to deal with two processes which take place at the same
time. On the one hand, there is disaggregation, which forms the depoly-

merized rubber and causes the rubber to become plastic, and on the other

hand, there is the combination of sulfur, which improves the mechanical
properties of the rubber.t In order to obtain a vulcanizate with good me-
chanical properties, we must, according to this working hypothesis, retard

the disaggregation if possible, and at the same time promote the coinlnnaticm

of sulfur with rubber in the most convenient way.

As we have already determined, the sulfur is first dissolved in the rubber

by heating, in all probability as Sg. It cannot be added to the double bonds
of the rubber molecule in this form, .however, but must first be activated or

changed to the atomic condition. This action is probably accomplished in

part by the rubber hydrocarbon itself, but to a greater extent by the reaction

of the sulfur with proteins and resins, as w^e will see in the following section.

The rate of combination of sulfur with the rubber hydrocarbon depends upon
the rate of formation of this “active” sulfur. If it forms slowly, the dis-

aggregating action of the heat is made much more evident. If it is formed
quickly, the combination of sulfur is promoted, disaggregation cannot exert

its damaging action, and the result is a “nervy” product. The favorable ac-

tion of organic accelerators upon the mechanical properties of the vulcanizate

may be clearly explained upon the basis of these ideas. In the presence of

accelerators, the “active” sulfur forms quickly, so that the combination of

sulfur with the rubber takes place in a shorter time, and therefore at a final

temperature lower than the normal vulcanization temperature (even at room
temperature). The disaggregation is reduced to a minimum in this manner.
We learn from the Peachey process {see p. 334), in which sulfur, formed in

the nascent state from hydrogen sulfide and sulfur dioxide, causes vulcani-

zation to take place almost instantaneously at room temperature, that the

* Translator’s Note. The effect of heat on the
state of aggregation and the physical proper-
ties of rubber has been confirmed by Boiry
[Caoutchouc and gutta-percha, 21, 122S7,
12293, 12335, 12386, 12454 (1924); 22 ,

15507 (1925); India R^tbber L, 68, 651,
6p, 727, 771, 807 (1924) ]. By the action
of sulfur on rubber in solution, he obtained
mIs, gels, or precipitates of vulcanized rub-
ber, depending upon the concentration of the
solution and the nature of the solvent. More
recent experiments concerning vulcanization
in solution jhave been reported by Thiollet

gen. caoutchouc, 9, No. 79, 5 (1932);
Rubber Chem. Tech., 5, 296 (1932)] and
hourbon [Rev. gSn. caoutchouc, 9, No. 81,

9 (1932); Rubber Chem. Tech., 5, 630
(1932)].

t Translator’s Note. Twiss [India Rubber J.,

65, 607 (1923); J. Soc. Chem. Ind., 44,
106T (1925)] has advanced the idea that soft

vulcanized rubber consists of an intimate
mixture of particles of raw rubber and of

the sulfide CnHsS (or C5H.SSCI in cold
vulcanization). The thot:ght that the irr-

provement in mechar.ical pro-'t'riic.'

from vulcaniza: ira may I.e cau.'cd by :l e r^.-

inforcing action c.;:' the r'.:!;i(Cr .'>t.l:'do. h;.?.

received some support frcim J.l. P. Ste\er.s

and W. H. Stevens [/. Soc. Chem. Ind., 51,
44T (1932)].
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jireseix-e oi “active” sulfur induces a rapid combination of sulfur ^vi^h

rubber.*

it is now to be assumed that the combination with sultur has a stabilizinir

effect upon the rubber, and that disaggregation acts in the opposite manner.

The following e.xplanation can be found for this. It is known, to be sure,

that .<ulfur aikls to the double bonds of the rubber hydrocarbon and saturates

them, Iiut the manner in which this happens is still unknown. If one pro-

ceeds' uvioii the hypothesis that the rubber hydrocarbon undergoes a disaggre-

gation, but no change of constitution, during vulcanization, the following

e.xplanation would be plausible. One sulfur atom can saturate a double bonr]

in one rubber aggregate 1 1 ) : or two sulfur atoms can enter two double bonds

in two ditferent rubber aggregates, thus forming dithienes, with ring closures

as in reaction ( II i. a process which is assumed to take place in the formation

of factice.”*

• CH ~ CH — -f S
/— CH-

\ / \ /
ID —CH

^

:?
,

CH — CH
j

CH

- CH i>
‘

(TH - 1

CH CH
/ \ ./ \

S

If on the contrary one assumes, as did Kirchhof, after a study of the rin^sj

structure of the unit rubber molecule, that the ring becomes opened as a re-

sult uf heating during vulcanization, so that CHo-groups appear in the termi-

nal pusitiuiis, the linkage of two or more molecules by means of sulfur can

happen in the following manner:

dill ....CH,-

. CHo CHg .

.

\ /
s = s

/ \
. CHs CH. .

.

Kirchhuf assumed that saturation of the double bonds of the rubber which

are not situated at the ends of the chains, leading to the formation of hard

riibfjer, results only at higher temperatures and with higher concentration of

sulfur. If saturation is assumed to occur as in Case I, the sulfiirized rubber

a.ggregate- must be considerably more resistant to heating than the unvulcan-

ized riiiiber. In Cases II and III, there is also an additional condensing action,

so that disaggregation of the rubber by heat is equalized, at least in part, by

condensation with the aid of sulfur.

If we now assume with Kelly that each rubber aggregate, regardless of its

size, requires the addition of a fixed number of sulfur atoms in order to de-

velop its optimum mechanical properties, and if we assume, for the sake of

* Traii4ator’s Note. P. Scholz IKautschuk, 3,
101, 127 (1927) 1. from freezing-point low-
eriBgs iif sulfur when accelerators were add-
ed. concluded that accelerators affect the
diria:::i_e enuilibriuir. between different forms
...f They may accelerate the fornia-
:: v.f tr.e c'.ieir.icalK active S r, or they

may promote the formation of S /t, which

in turn may affect the colloidal structure of

rubber or influence the polymerization of

isoprene.

Compare Henriques, Z. angew. Chern,,

691 ( 1895 ).
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simplicity, that this fixed number should be two atoms, then the rubl^er would

he unvulcanized if only one sulfur atom were added, and it would be over-

vulcanized if three sulfur atoms combined with it. If the reaction which
releases “active” sulfur progresses slowly, the disaggregation of the rubber
particles is promoted, and a large number of smaller aggregates are formed,

the rubber will then show a higher percentage content of sulfur in a normally
vulcanized condition than if the action of the heat had been repressed by
rapid activation of the sulfur.

^

This conception would accordingly demand
that a definite content of combined sulfur should be necessary for the satu-

ration of each degree of aggregation, that is for each particle size of the

rubber, if the best mechanical properties are to be obtained. If, when thi.s

content has been reached, the heating is continued in the presence of free

sulfur, vulcanization continues, and this leads to over-vulcanization. If, on
the contrary, no more free sulfur is present and the heating is continued, the

rubber particles split into smaller aggregates. These aggregates no longer

have the sulfur content which is necessary for the attainment of their optimum
mechanical properties, and therefore they are under-vulcanized.

The course of vulcanization is usually observed experimentally by determinations of

combined sulfur content, tensile strength, or resistance to aging.* B. S. Garvey, Jr., and
\V. D. White [Ind. Eng. Chcm., 25 , 1042 (1933)] have found no test which is sati.s-

factory for independent use as a measure of the degree of vulcanization. They emphjy
a group of tests for this purpose, using measurements of plasticity, hysteresis, and
stress-strain relations, with limiting values for vulcanized and unvulcanized rubber.

A physical test, called the ^‘T-50 Test,” has been proposed by \V. A. Gibbons, R. H.
Gerke, and H. C. Tingey [Ind. Eng. Chcm., Anal. Ed., 5 , 279 (1933)] to determine the

.'tate of vulcanization (see the translator’s note on p. 552).
The possibility of demonstrating the course of vulcanization by means of fluorescent

effects obtained upon exposing samples to filtered ultra-violet light is discussed in the

translator’s note on p. 643.

The reactions which occur during the so-called reclaiming of vulcanized

rubber (see p. 342) can also be explained more clearly according to these

ideas. Reclaiming will be treated hereafter only as a disaggregation of vul-

canized rubber particles, in the course of which a normally vulcanized start-

ingmaterial is changed into the under-vulcanized condition, so that a normally

vulcanized product can again be obtained by means of further vulcanization

of the reclaimed rubber, after mixing it with elementary sulfur. The re-

claiming process shows clearly, however, that heat must exert less disaggre-

gating action on vulcanized than on unvulcanized rubber. It seems correct

to assume that the combination of sulfur with the rubber during the process

of vulcanization protects the rubber from complete decomposition.

If we add a powerful accelerator (a material which causes the formation
of active sulfur to take place more rapidly and at lower temperatures than
are usual during the course of vulcanization) to a rubber-sulfur mixture, the

disaggregating influence of the heat becomes of only slight importance. Some
large rubber aggregates remain; these require a smaller content of sulfur

than the smaller aggregates for producing their optimum physical properties.

According to these views, the rate of combination of sulfur -with the rubber

^g^egate is the decisive factor during the vulcanization process, since it

counteracts the disaggregating action of heat. The faster the addition of

sulfur takes place, and the Iqwer the temperature required for vulcanization,

the smaller is the amount of disaggregation which occurs, and the greater is

the “nerve” of the vulcanizate.

* Translator’s Note.
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An extensive clieniical theory of vulcaiiization has been announced by Boggs and Blal-^
Ewj. Chern,, 22, 744, 748 (1930) ] *

^
For a review of the earlier investigation,

wiiich arc related to the new theory, see Nuttall and Kirkwood [Lidia Rubber J ga
657 < 1630)] and pp. 461, 469, 470.

*

According in Boggs and Blake, there arc two separate and successive chemical re»
iictiens involved in the vulcanization of rubber with sulfur.

_

The formation of soft rubber
cr)n>.ists in the addition of sulfur to the more reactive terminal double bonds of the rubber
hydrocarbon, with no heat effect. After the soft rubber reaction has been completed
the forniatiuii of hard rubber may proceed by the progressive addition of sulfur to the
internal double bonds from one end of the rubber molecule to the other. The hard rubber
reaction was ffjiind to be exothermic and of the second order.

Hxperiment^ conducted by B. S. Garvey, Jr., and W. D. White [Ind. Eng, Chem. 25
1262 tivoiii have led them to conclude that in vulcanization the sulfur may act'll*
directly by addition and 1 2) as a catalyst for a reaction at the double bond of the hydro-
carbon which dues not change its unsaturation. Vulcanization to produce ordinarv soft
rtibfjer involves both reactions, they believe, although in high accelerator—low sulfur com-
pounds, the sulfur acts primarily as a catalyst. The addition reaction is considered tu
be the principal reaction in the vulcanization of hard rubber.

Lindrr.'ycr 5, 35 (1929) : India Rubber J., 82, 218, 249 (1931)
] has re-

cently y j.-ed an explam;:!:::’! of the vulcanization process based on three-dimensional
structures.

Cold Vulcanization

In general, the theories formulated for cold vulcanization are similar to those
which were advanced for hot vulcanization. Naturally the disaggregatiiw
effect of heat is excluded. In its place, however, we must consider the process
r f d‘??:dv:r.g rubber, the influence of which is much the same as that of heat,
r.:r: jr tech:::.::'/, conditions. In the manufacture of articles vulcanized in the
cold, the rubber is usually first converted into a solution, then the object is

formed, and finally vulcanization follows. The processes of disaggregation
and combination of sulfur, which proceed simultaneously during hot vulcani-
zation. are temporarily separated during cold vulcanization. Sulfur chloride
takes the place of sulfur as a vulcanizing agent.

ft can easily be shown that the combination of sulfur chloride with the rub-
ber is to be treated as a chemical combination, and not as an adsorption
phenomenon. Rubber samples vulcanized without heat are not affected by
the action of water, while if the sulfur chloride were adsorbed as such, an
evolution of hydrogen chloride, hydrogen sulfide, and sulfurous acid would
be expected under such circumstances. It must, therefore, be assumed that
the sulfur chloride adds to the double bonds of the rubber molecule. Kelly
* yrc p. 298 ,i has recently called attention to the fact that apparently these
reactions are actually much more complicated in nature than it has generally
been assumed.^ It was formerly believed that sulfur chloride added to
ethylene and similar unsaturated compounds, and likewise to rubber, in the
following manner

:

H.C Cl

H:C
^

S

HsC S
!! I

H,C Cl

H.C — Cl

!

H.C—

S

ac—

s

ac— Cl.

Observations on similar products made from mustard gas make the following
tormula seem more probable, however:

* TraiisMor*'s Note,
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Cl—ca— CH2

Cl— CH2—
It has now been established without question by various authors that cold

vulcanization has been completed when the rubber has taken up half its weight

of sulfur chloride. The compound formed was assigned the formula
i CioHi6)2S2Cl2, in accordance with the ideas concerning the constitution of

the rubber molecule at that time.^ According to the present status of our
knowledge, however, the conception of the parent molecule of rubber as

C10H16 is not correct, since it is now believed that there are at least eight iso-

prene groups and therefore eight double bonds contained in the unit molecule.

Such a unit molecule would, therefore, unite with two molecules of sulfur

chloride, according to the formula given above for the sulfur chloride addi-

tion product, but these two molecules of sulfur chloride could saturate only

four of the eight double bonds which are present.

In the final product of cold vulcanization, a highly unsaturated compound
must therefore be present. Now if this unsaturated compo-und could, like

mustard gas, split off the sulfur atom which is connected to sulfur {see the

above formula), and if it were as powerful as sulfur in the nascent state, it

would saturate more double bonds. Since two molecules of sulfur chloride are

added to each unit molecule, in each molecule of rubber there would be pres-

ent two sulfur atoms which could split off and saturate two more double
lionds. According to this assumption, two double bonds always remain un-
saturated in the final product of cold vulcanization of the unit rubber molecule.

It is evident from this presentation of the subject, that the whole question of

the addition of sulfur chloride to the rubber molecule is in urgent need of

further investigation. It might also be suggested in this connection, that the

chlorine may be split off practically quantitatively, in the form of hydrogen
chloride, from the final product of the reaction of the purest rubber hydro-
carbon with sulfur chloride, by boiling it with alcohol. This phenomenon,
when considered in connection with the properties of the resulting product,
is quite remarkable.

It should be sufficiently apparent from all this, how small the knowledge
concerning the mechanism of the vulcanization process is at the present time.

Certain hypotheses may be drawn from the known facts, but until the prob-
lem of the structure of rubber is solved, no completely satisfactory answer
to the question can be given. Hence the studies on the structure of rubber
recently undertaken by the German chemists {cf, the section on the “Chemistry
of Rubber’’) are of special importance. The acknowledged progress of these
investigations leads us to hope that in the near future we may succeed in

penetrating the veil of darkness which today surrounds the problem of vul-

canization, by concentrated attack on this problem with the most modern
methods of research.

Substances Influencing Vulcanization

The Effect of Natural Non-Rubber Constituents of Rubber
As pointed out in a previous section {see p. 160 ff.) crude rubber as it is

received at the factory contains so-called resins and protein matter, in addi-
tion to the rubber hydrocarbon. Since various types of rubber prepared from
the same botanical source by different methods may differ in their capacity

\
>s = :
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fur vn!canizatir»ti, it may be surmised that these impurities are ca])al)le of In-

the reaction of sulfur with the rubber hydrocarbon. C. O. Weber
iiuticed that Mangabeira rubber and certain African rubbers would not vul-
canize ill hut air, with small amounts of sulfur even in the presence of th-
powerful accelerator, litharge, while other varieties such as Para, vulcanized
readily. He established, furthermore, that the sulfur reacts with the resins

at viilcaiiization temperatures, the sulfurized resins being soluble in acetone
However, the question as to whether the naturally occurring impurities of
rubber accelerate or retard vulcanization, was really first considered in a
lecture by Lothar E. W’eber.”'^ He believed that the poor vulcanization c)
low grade riibliers of high resin content (about 20 per cent) as mentioned
above was to be explained by the fact that the amount of sulfur available for
viilcaiiizatitiii was greatly reduced by the reaction of some of the sulfur with
the resins of the rubber at vulcanization temperatures.

1lie mure nearly resiii-free a rubber is, the more satisfactory it may he
expected to be in vulcanizing properties. However, from his investigations of
Highkind sheet rubber, he concluded that the resin plays an active part in the
vulcanization, indeed that its presence may be absolutely essential, for the
resin-free rubber did not vulcanize. That this is not exactly the case, how-
ever, may be concluded from the previously described investigations of Spence
and Young.*-" which were carried out at 50° to 75° C. In a mixture which
contained only the purest, resin-free rubber and 10 per cent of sulfur, viil-

canizatiun took place at 75° C., though so slowly that after 90 clays the per-
centage of C(jmbined sulfur was only 0.32 per cent. This gradually increasin',^

amount of sulfur, not removable with acetone, was taken as evidence of a

slow vulcanization under these conditions. On the other hand, a second mix-
ture containing 10 per cent sulfur and 1 per cent of the acetone extract of the
raw rubber, i.e. the resin, showed 9.36 per cent of the sulfur to have been taken
up by the rubber hydrocarbon in the same length of time at the same tern-

jjcrature. L. E. Weber s conclusion that the resins are concerned in vulcani-
zation appeared to be confirmed. C, Beadle and H. Stevens arrived at

entirely difi'erent results in their investigations of the influence of the resin?
t»f raw niliber on vulcanization. Sheet rubber (not smoked) from the l\Ia-

layaii^ Peninsula, of average color and containing 2.5 per cent of resins, wa^
^leresiiiated bv extraction with acetone. To the extracted rubber were added
in one case 2.5 per cent of the resin extract, in another 2.5 per cent of jelutonij
ie>in { Si c pp. c)9 and loSl, anci in a third, colophony. Seven per cent ( 7 per
cent

) of sulfur was added to each mixture and the compounds were vulcan-
ized in the usual manner. Chemical analysis of the vulcanizates showed the
yiilcaiiizatioii coefficients recorded in Table 4, based on resin- and protein-
free ruljber.

Tahlk 4.

—

Infiiicnce of Resins on Vnlcanization.

Material

C Irigina! resin-cuiitaiiiiiig rubber
Resin-free rubber
Resin-iree rubber plus 2.5 per cent acetone extract”T"*'.*".''.'’r."''
Resin-free rubber plus 2.5 per cent jelutong resin
Resin-free rubber plus 2.5 per cent ctilophony

\ffiicanization

Coefficient

2.86

2.71

3.12

2.58

2.85

19, 272 (1904).
Gummi-ZUh, 16, 9J1 ( 1902 ); 17 , 898 ( 1903 )*
19. 83 ( 1904 ).

Orig, Camm. Eighth International Congress
of Applied Ckem., 9, 95 ( 1912^

llKelloid-Z., 13
, 265 (1913): cf. p. 2S4.

**KoUoid-Z., 11. 61 (1912); 12, 46 (1933);
14

,_ 91 (1914); Orig. Comm. Eighth lnteT‘

national Congress of Applied Chem., 9, 5B3

(1912).



SUBSTANCES INFLUENCING VULCANIZATION 305

As far as effect on chemical vulcanization is concerned, the resins did not

appear essential in this experiment. Beadle and Stevens observed, however,

Jhat the resin-free vulcanizate and those containing jelutong or colophony

acred rapidly, and became hard and brittle. Thus the natural resins of rubber

act also as powerful antioxidants. In connection with these investigations,

Beadle and Stevens studied the influence of nitrogen-containing impurities,

the proteins, on the vulcanizing properties of the same rubber. The rubber

u-as swollen in benzene and the lower part of the solution, which contained

the whole of the insoluble nitrogenous part, was separated. After evaporation

of the solvent from both portions of the solution, two fractions were ob-

tained, the one high in nitrogenous constituents, the other nitrogen-free. Por-

tions of each were extracted with acetone to study the effect of resins and
proteins together. Vulcanizates prepared in the usual manner with 7 per

cent of sulfur gave the#inalytical results in Table 5.

T.^bledT—Influence of the Proteins on Vulcanization.

V'ulcanizatitjii

Material Coefficient

Untreated rubber 2.86

Protein-free rubber 1.15

Protein- and resin-free rubber 1.08

Rubber with an excess of protein 3.62

Resin-free rubber with an excess of protein 3.34

Here again the resins appear to have little effect, while the nitrogenous sub-

stances act as powerful sulfur carriers.''

In this connection, the very interesting investigations of Stevens which

'leal with the possibility of replacing the nitrogenous impurities of rubber

with other substances, might be discussed briefly. For this purpose, the pro-

tein-free rubber was mixed with peptone (Riedel), casein, starch, or litharge,

and 7 per cent of sulfur and vulcanized in the usual manner. (^See Table 6.)

T.\ble 6.—Influence of Proteins, Starch, and Litharge on Vulcanization.

Vulcanization

Material Coefficient

Protein-free rubber 1.15

Protein-free rubber plus 3 per cent peptone 3.22

Protein-free rubber plus 3 per cent casein 1.76

Protein-free rubber plus 3 per cent starch 1.42

Protein-free rubber plus 10 per cent litharge 3.02

As seen in the table, peptone can replace the natural nitrogenous constitu-

ents of rubber, but other nitrogen-containing organic compounds, such as

casein, do not function similarly to peptone. Nitrogen-free substances such
as starch also exert a definite effect on the process of vulcanization. The ex-

periment with litharge was most interesting, and more will be said later

concerning it.

The influence of resins on the course of vulcanization has been studied by
I. Wriick.'^'^ As in his previous work, he heated 2 per cent solutions of

resin-containing or of resin-free Ceylon plantation crepe in pseudocumene,
with 12 grams of sulfur at 160^^ C. zt 5^ C. Test pieces taken after various
periods of vulcanization were carefully freed from excess sulfur and analyzed
tor combined sulfur. The vulcanization curves led to the conclusion, “that
the resins act as weak positive catalysts of vulcanization.” Although these
results agreed with those of Beadle and Stevens, Wriick considered it not
impossible that resins of other kinds of rubber might bring about other vul-

L. Eck, Kauischuk, 7, 206 (1931). Dissertation, Dresden (1915). See p. 288.
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canizafinn plicnoincna. The correctness of this consideration was confirmed

hy later work, especially by the investigations of G. Martin and F. L. Elliot"’

oil the influence of the kind and amount of the natural non-rubber constituent^

of rubber on the content of combined sulfur of the vulcanizates. They used

in their investigations 24 rubber samples, of which six were crepe and six

were sheet rubbers of both ten and twenty year old trees from the same
plantation. Since the average composition of these samples is of interest in

other connections, the data are given in Table 7.

T3’pe

10 Year Old Trees Sheet

10 Year Old Trees Crepe

20 Year Old Trees Sheet

2U Year Old Trees Crepe

\Ylcanizatior;

coefficient

5-47 ±0.1''-;

5.20 ±\l\c

1.73 2.09 0.28 95.90 5.38 ±0.1.
2.65 2.11 0.25 94.99 5.00 ±0.1)7

Table 7,

—

Influence of the Naturally Occurring Non-Ruhber Constituents

of Rubber on Vulcanization.

Resin Protein Ash Rubber
Percent Percent Percent Percent

1.98 2.27 0.28 95.47
2.86 2.25 0.28 94.61

All of the mixtures contained ten per cent of sulfur, and the cure was
chosen so that the vulcanizates required the same load to stretch them to the

same elongation (standard vulcanization). From the table it may be seen

that tlie average vulcanization coefficient of the crepes was distinctly less than

that of sheets from trees of the same age, although the protein content of

both kinds was practically identical and the resin content of the crepes lav

considerably above that of the sheets. According to these results, crepes

vulcanize slower than sheets. This conclusion agrees with the experimenta!

results of Schidrowitz and Goldsbrough,"® as well as with those of 0. dc

\>ies and W. Spoon.®*^ The age of the trees also seems to have a slight effect

on the vulcanization of rubber obtained therefrom.^^ As is shown in the ac-

companying table and directly demonstrated by the experiments of ^Martin

and Elliot, it is not the amount of accessory constituents in the rubber which

plays the decisive part in its ease of vulcanization. On the contrary, it is pri-

marily the variability of the nature of the rubber with the method of prepara-

tion which is important, that is, the treatment of the coagulum for the manu-
facture of the various trade varieties of rubber. When identical samples of

normal crepe rubber were mixed with 10 per cent of sulfur and 2 per cent

of acetone extract of crepe, sheets, or slab rubber {see p. 119) and vulcanized

115 minutes, the analyses in Table 8 were obtained.

Table 8.—Influence of Various Rubber Resins on Vulcanization,
Combined Vulcanization Coefficient

Sulfur at the
Materials Per cent Standard Vulcanization

Crepe 3.24 4.2
Crepe plus crepe resin 3.45 4.6
Crepe plus sheet resin 4.45 5.4
Crepe plus slab resin 6.20 5.3

In agreement with the experimental results of Stevens and of Wriick, the

resin of crepe rubber is shown here to have actually only a slight influence on

the course of vulcanization. The acetone extracts of sheets and slab rubber,

however, serve as powerful accelerators. As much work, mostly in the rub-

ber growing regions, has shown, the influence of the method of preparation

of the coagulum is so great that other factors such as, for example, the age of

Sjc. Ckem. Ind., 41, 225 (1922).

^ India Mubber /., 54, 162, 184 (1917).

^ Arch. Rtihhercidtiinr, 3, 246 (1919).
^ Cf. O. de Vries, Arch. RubbercuUnnr, 1|

169 (1917).
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trees, the dilution of latex,®^ the method of coagulation, etc., are relatively

animportant. An explanation of the behavior of the various forms of the

coagulum from Hevea latex, may be found in the differences in the various

methods of handling it {see p. 108 ff.). In the preparation of sheets, the wet

coaguluni is merely pressed between rolls and then dried. There remains in

the rubber, therefore, a part of the serum substances which were present in the

coagulum after coagulation. In the preparation of crepe, however, the rubber

is washed between rolls under a stream of water and is thereby much more
thoroughly freed from serum constituents. Thus there must be a substance

contained in the watery portion of latex, which promotes vulcanization.

Eaton and Grantham were able to prove this, and thus to explain the fact,

that rubber obtained by the evaporation of latex, containing all the serum
constituents, always vulcanizes rapidly. According to H. P. Stevens,®® this

property is not lost when such rubber is extracted with water or acetone.

In addition to the accelerating substances already existing in latex, another

natural accelerator is formed if the wet coagulum is not worked into sheets

at once, but is allowed to remain many days at the temperature of the tropics,

as is the case in the preparation of slab rubber. During this maturing of the

coagulum, a process of putrefaction of the proteins contained in the serum
proceeds under the influence of bacteria or fungi, yielding vulcanization ac-

celerators (see p. 101). Eaton has isolated these basic decomposition products

by painstaking work and has shown that addition of these substances to ordi-

nary rubber produces a corresponding acceleration of vulcanization. The
high rate of vulcanization of a matured coagulum is also retained if it is later

creped. Thus the active principle formed by maturation cannot be washed
out with water. If the fresh coagulum is heated or treated with antiseptic

substances, the maturation process does not take place. This is, of course,

striking proof that maturation is caused by the presence of lower organisms.

The smoking of rubber has an antiseptic effect, on account of the phenolic

constituents contained in the smoke.®’’ This explains the fact that smoked
sheets cannot be vulcanized as rapidly as unsmoked sheets. The high rate

of vulcanization of unsmoked sheets indicates that maturation takes place

during drying, though to a lesser extent than in slab rubber. Occasionally

this is directly recognized through the so-called ‘Tust” formation (see p. 148 ).

The serum constituents, present in relatively large quantities in the sheets,

in the case of rust formation, decompose, especially at the surface, forming
a slimy coating which later dries to a film. If such rubber is stretched, the

brittle film cracks into many pieces, which cover the surface of the rubber
much as rust covers iron.

G. Bruni and T. G. Levi have undertaken the laborious task of investi-

gating the composition of the acetone extract of matured rubber. They
established once again, that the acetone-soluble constituents decidedly in-

fluence the rate of vulcanization of slab rubber, since the rubber when freed
from these constituents has a markedly diminished capacity for being vul-

Dept, of Agriculture, Federated Mala
States, Bull. No. 17, 23 (1912); Spoon am
de Vries, Arch. Rubbercultuur, 5, 115, 29
(1921).

^de Vries, Arch. Rubbercultuur, 1, 40 (1917)
4, 210 (1920). Eaton, Dept, of Agriculture
Federated A'ialay States, Bull., No. 27, 207
222; Bull. Imp. Inst., 20, 454 (1922)
StOT^s, Bull. Rubber Growers’ Assoc., 2
142 (1920); 4, 137 (1922).
0. de Vries, “Estate Rubber.”

ssj. Soc. Chem. Ind., 34, 989 (1915); 35, 715
(1916); Eaton, Grantbam and Day, Dept, of
Agriculture, Federated Malay States, Bull.,

No. 27, 78 (1918). Cf. also Spence, /. Ind.
Eng. Chem., 10, 115 (1918).

88/. Soc. Chem. Ind., 41, 326 (1922).
et Cf

35, 715 (1916).

Giom. chim. ind. appUcata, 7, 447 (1925);
9, 161 (1927).
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casiizcfl The acetone extract can be separated into ether-soluble and water-

sijluble portions. The former consists chiefly of higher fatty acids
; the latter

contains the natural nitrogenous constituents. water-soluble portion

v.-as evaporated after being decolorized with animal charcoal. A quantity oi

alpha-aniinovaleric and alpha-aminocaproic acids, amounting to approximately

10 ner cent of the water-soluble part, separated. These ammo acids, which

c-tn'a’s.i he isolated from smoked sheets, did not accelerate vulcanization verv

iioticcablv From the solution remaining, phenylacetic acid in the form of it=

silver salt could be precipitated with silver nitrate. Further investigation

-bowed that this acid was probably present as its potassium salt in the slab;,

and amounted to approximately 30 per cent of the water-soluble portion o:

the" acetone extract. It was also shown that this salt, like the potassium salt;

of the fatty acids, liehayed as a vulcanization accelerator. Finally, Bruni

and Levi found in the water-soluble portion of the acetone extract some 20

*ner cent of a mixture of tetra- and penta-methylenediamines, both of which

accelerate vulcanization powerfully. In the ordinary kinds of rubber these

bases could not be found, so that they appear to be characteristic of slab

ruiiber. From the ether-soluble portion of the acetone extract, phytosterin,

wln'cli is without action on vulcanization, was isolated. The ether extract die

not contain bases. These investigations of Bruni and Levi show clearly that

not so much the amount, but the nature of the nitrogenous constituents pres-

ent in the rubber, is important. Thus, slab rubber, which vulcanizes espe-

cially rapidly, ordinarily contains less nitrogen than rubber prepared by other

methods. Some of the' decomposition products of the nitrogenous substance;

orisrir.nlly contained in the rubber are volatile and soluble in ivater.^ The

i'oss of nitrogen-containing compounds occurs in the preparation oi

i-Vepe rubber from slab rubber, but this loss is decreased if the slab rubber i-

first smoked. r ,
• • .

Although this maturation process explains the high rate of vulcanization o:

A'dh rii1.)ber and, to a certain extent, the behavior of dried unsmoked sheet?,

it can not be offered as an explanation for the marked difference in vulcani-

zation of crepe and smoked sheets, especially in early years, for we have seen

that the decomposition of proteins is checked by smoking. The amount o:

nitrogen-containing constituents alone cannot be decisive, for Martin ana

ElliLit i iTc p. 306 I have shown that various kinds of rubber may possess dif-

ferent rates of vulcanization in spite of identical protein contents. G. S.

Whitby and A. R. Winn,®® who have carefully studied these phenomena, be-

lieve that the solution of the question lies in the varying acid content of the

acet^me extract of the various kinds of rubber. If these are extracted witn

acetone, and the acetone extract after distillation of the solvent is taken up

witli warm neutral alcohol and then titrated (using phenolphthalein as an in-

dicator^ the “acid numbers” as shown in Table 9 result, based on 100 gram?

rd rubber and expressed in mg. of potassium hydroxide required for neutrali-

zation.

These data indicate that even the same method of preparation produce?

rubbers with considerably different acid contents of the acetone extract.®® The

amount of resin in the rubber is, therefore, not proportional to the acid num-

ber of the acetone extract. Since this subject will be discussed later, in the

chapter on vulcanization accelerators, a statement of the facts only, will be

»/, S0C. Chem. I«i., 42, 336 (1923). ^ Cf. O. de Vries, ^‘Estate Rubber

pp. 613, 618.
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Table 9 .—Acidily of Various Kinds of Ruhhrr.
Acetuiic

Extract

Rubber Per cent

^-arayed rubber (creped) 4.85

I iffht brown crepe 3.00

<praved rubber (slabs) 4.00

Light latex crepe - 3.02

Light latex crepe 3.01

Smoked Sheets 3.25

Smoked Sheets 2.82

Dark Smoked Sheets 3.37

Smoked Sheets 3.15

Smoked Sheets 3.35

Smoked Sheets 3.13

Smoked Sheets 3.05

Smoked Sheets (milled on hot rolls) 2.22

Smoked Sheets 3.33

Slab crepe 2.44

Brown crepe (second .sub-grade) 2.74

Slab, gray-brown crepe 1.79

Slab, dark-brown crepe 1.77

Acid
N umber

390
320
301
296
289
289
284
283
283
280
276
270
239
236
224
223
139

92

jriven here, without touching upon the conclusions which result from them,

especially the conclusions resulting from experiments with pigmented mix-
ings. The observations of Bruni and Levi have shown that matured rub-

ber is distinguished from other rubbers by a considerably higher acid content,

and that this acid may be removed by washing or by vacuum drying at 130° C.,

without altering the rate of vulcanization. Thus it may be seen that the

variation in behavior of various rubbers in rubber-sulfur mixtures may be

due to a number of .causes. In the table we see also that creped slab rubber

diows a comparatively low acid number. In this connection it may be of

interest to note that Bruni and Levi could identify acetic and valeric acids in

the distillation products of matured rubber, and that, according to them, these

acids were present originally in the rubber as ammonium salts or amides.

In conclusion, the changes which can take place in the vulcanizing capacity

uf the stored finished product may be briefly discussed. In general, the high

quality rubbers may be stored several years without their quality being

affected. Stevens,®^ and de Vries were able to show, however, that storage

tends to equalize the different rates of cure. Rapidly-vulcanizing rubbers

later vulcanize more slowly and slowly-vulcanizing rubbers after storage for

a long time vulcanize somewhat faster. Certain surface defects such as, for

example, mold formation on dried sheets, which usually do not influence the

quality of the rubber, may alter the rate of vulcanization, if the defect occurs
in the rubber to a great extent. Thus the gray-green mold which develops in

daylight retards vulcanization, while the black and yellow pinhead types which
develop in the dark slightly accelerate the vulcanization.

The Action of Vulcanization Accelerators

Inorganic Accelerators
It has long been known that the hot vulcanization of rubber is accelerated

by certain inorganic substances, such as lime, magnesia, lead compounds,®^ etc.

For example, addition of a large amount of litharge to a rubber-sulfur mix,

®C?wrfi. ckim, ind. applicata, 7 , 447 (1925). Arch, Rubbercultuur^ 5 , 140 (1921).
Xoc. Chem, Ind., 37, 340 (1918). Bull, Charles Goodyear, the discoverer of vulcam-

mbher Growers' Assoc,, 3, 190, 243, 280, zation, used white lead as a pigment m rub-
472 (1921); 4, 331 (1922). ber-sulfur mixtures.
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tinder certain conditir^iis may decrease the time of vulcanization to less than

one-half the normal period. Such a mixture darkens progressively with the

course of vulcanization, as a result of the formation of lead sulfide,

C. O. Weber attributed the accelerating action of these materials to their

basic character. This was shown not to be the_ controlling factor by K.

Gottlob/^® since the strongly alkaline oxides of barium and strontium did not

exert a similar action. E. Seidi found that equal percentages of zinc oxide

and lead oxide (23 per cent) resulted in different coefficients of vulcanization

when used in a given rubber-sulfur mixture. While the zinc oxide compound
contained 1.66 per cent combined sulfur, the lead oxide compound contained

2,93 per cent of combined sulfur. These two oxides therefore function dif-

ferently. The earlier writers attributed the acceleration which occurs with

litharge to its high heat conductivity. Under similar conditions, therefore,

the time of vulcanization of a rubber compound should be inversely propor-

tional to the heat of conductivity of the inorganic material in the compound,

that is the larger the heat conductivity’’, the smaller should be the time re-

quired to attain a definite coefficient of vulcanization. Seidi demonstrated

that litharge and zinc oxide possess approximately the same heat conductivity.

He showed also that a sulfur-free litharge-rubber mixture possesses approxi-

mately the same heat conductivity as a similar zinc oxide-rubber mixture

(the weight of the pigments was the same in each compound). It was

demonstrated that a compound consisting of aluminum bronze and rubber

was a better conductor of heat than either one of the above mentioned com-

pounds. Therefore, zinc and lead oxides, which possess approximately the

same heat conduct!vit}% should accelerate vulcanization to approximately the

same degree. A compound containing aluminum bronze should vulcanize

faster than either of the above, but Seidi demonstrated that such is not the

case, for a compound containing litharge vulcanized in less time than a simi-

lar ccmycund containing aluminum bronze. This theory is therefore thor-

:ug:ny discreclirec.

A theory proposed later assumed that by^ formation of lead sulfide, in a vul-

canizate resulting from reaction of the litharge with sulfur, the molecule S*

is snlit, releasing a portion of the sulfur in a nascent state, causing an intensive

-nlrurizir..,- of the rubber. We shall see later that this theory, which was soon

a;..ar. : jne-.:, was reasonably close to the present conception of the phenome-
non. It was established by numerous investigators that lead sulfide itself

caused no acceleration and that the litharge undergoes no combination with

the rubber. Furthermore, Seidi show^ed that the resins in the rubber react

with sulfur, forming hydrogen sulfide, and that litharge promotes the reaction.

In arriving at these conclusions, Seidi prepared compounds containing (1»

Para rubber, (2) acetone-extracted (resin-free) Para rubber, (3) Para

rubber prepared as in (2) but further purified by solution in petrolemii

ether and preriphation with alcohoL All compounds contained litharge and

sulfur, 'd'.vj bfilb of a thermometer was coated with these compounds and

heated to 140'^ C. At this point tjie temperature on the inside of the com-

pound was higher than the temperature of the heating medium. The rise in

temperature was greatest in compound (1), somewhat less in compound

(2), and very slight in compound (3). Seidi believed, therefore, that a

thermal reaction would explain the accelerating effect of litharge. The ac-

celerating action of the litharge is due to a higher temperature during

^Gummi-Ztg., 30, 303. 326 (1916). ^ Gummi-Ztg,, 2S, 710, 748 (1911).
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vulcanization in a compound containing litharge than in compounds con-
taining other inorganic materials. According to Seidl, the rise in tempera-
ture was caused by reaction between litharge and hydrogen sulfide, the
latter resulting from intei action of sulfur and resins (or other non-rubber
constituents) with evolution of heat. This reaction proceeds with sufficient

velocity only if the hydrogen sulfide is chemically combined immediately. If

the resins are removed from the rubber, only a slight rise in temperature
occurs, and accordingly only a slight acceleration is produced. If the rubber
is separated from all its natural impurities, the litharge exerts no accelerating

action, and only traces of lead sulfide are formed during vulcanization. Traces
of lead sulfide owe their presence to the reaction

4 PbO + 4S= PbSO^ + 3PbS

Finally, Seidl succeeded in partially restoring the accelerating action of litharge

with reprecipitated rubber, by the addition of an oily distillate obtained by the
destructive distillation of blood albumin. Since the albumin product reacted
less readily with sulfur than the non-rubber constituents of the rubber, the
accelerating action produced by the litharge was less in this experiment than
in that with whole rubber.

As interesting as these experiments and the conclusions drawn by Seidl
may be, they are hardly in accord with the facts. Otherwise, for example,
all large rubber articles vulcanized in metal forms would necessarily show a
higher vulcanization coefficient at the center than at the surface, where the
heat would be conducted away. Seidl’s views did not remain unchallenged
as they were attacked especially by Esch and Auerbach.®^ The importance
of the rubber resins for the accelerating action of litharge as established by
Seidl, W'as, however, fully and completely confirmed later by L. E. Weber and
H. P. Stevens. Weber’s experiments showed that resin-free rubber when
compounded with litharge, whiting, and sulfur, vulcanized poorly. Stevens
found that vulcanization, as indicated by vulcanization coefficients, proceeded
more slowly in the case of acetone-extracted rubber in the presence of litharge
than did vulcanization of natural rubber with litharge under similar condi-
tions. When further additions of rubber resins were made to the compound
containing unextracted rubber, the vulcanization coefficient could be raised
still further under the same experimental conditions. G. D. Kratz and H.
Flower have demonstrated that the natural non-rubber constituents of
rubber have the same importance in mixtures containing magnesium oxide.
Stevens conducted similar experiments dealing with the action of litharge
and magnesia, by adding increasing amounts of each to mixtures containing
K) parts of light plantation crepe rubber and 10 parts of sulfur. He vulcan-

Table 10.

—

Effect of Magnesia and Litharge on Vulcanisation.

Magnesia
Vulcanization
Coefficient Litharge

Vulcanization
Coefficient

0.10

1.40 1.26

2.66 0.10 1.25
0.25 3.31 0.25 1.27
0.40 3.68 0.50 1.37
0.75 4.08 0.80 1.75

+ ms = PbS + H2O -}- 73.9 Calories.
According to Seidl’s experiments, the reaction
does not proceed as in the equation: 2PbO -f« = yPbS + O2.

5, 123 (1911).
xaI Eighth International Congress

of Applied Chem., 9. 95 (1912).

9, 581 (1912); J. Soc. Chem. Ind.,
35, 874 (1916); 37, 156 (1918).

^^^Chem. and Met. Eng., 20, 417 (1919); Ind.
Eng, Chem., 12, 971 (1920).

103 Qrig, Comm. Eighth International Congress
of Applied Chem., 9, 581 (1912).
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Iztd tlie resulting conipoiinds for one hour at 138'^ C., and determined the
vulcanization coefficients. As may be seen in Table 10, magnesia in sinall

amounts is a more powerful accelerator than litharge. However, the curves
obtained from physical tests on the vulcanizates showed that at higher accel-

erator concentrations, litharge reached the same activity as magnesia.

J. M. Grove has carried out comparative experiments, using litharge

basic lead carbonate f white lead), pure basic lead sulfate, and basic lead

sulfate contaminated with lead sulfide. He determined the amount of each
necessary to attain the same acceleration of vulcanization. A mixture con-
taining 80 parts of rubber, parts of sulfur and 5 parts of zinc oxide
was made up to 100 parts with these lead compounds and heavy spar
i!)arytes l. Setting the amount of litharge at 1, the equivalent amounts of
pure basic lead sulfate and of basic lead carbonate were about 3, while with
the lead sulfide-contaminated sample of basic lead sulfate, 7 parts were re-

quired. It might also be mentioned that P. Breuil has shown that lead

oxychloride shows an accelerating action, although the compound has as vet

found as little use as basic lead sulfate.

In addition to magnesia, basic magnesium carbonate is much used in com-
pounding rubber.'""' Opinions still vary concerning the action of this

compound. For example, P. Breuil and B. D. Porrit claim that it acts

as an accelerator, while K. Gottlob considers it to be only a pigment.
As already mentioned at the beginning of this section, the powerful ac-

releratir.c action of lime (calcium hydroxide) is \vell known. On the other
b.:-!'.':, ziv.c oxide possesses only slight accelerating action, as established

hy Beadle and Stevens (see p. 332). Other inorganic accelerators men-
tioned in the literature are ferric oxide,^^^ arsenic trisulfide, antimony
pentasiilfide (Goldschwefel),^^^ polysulfides such as zinc polysulfide, and
sodium hydroxide. With respect to the latter compound, W. G. Martin
points out that small amounts decrease the time of vulcanization of rubber
compounds considerably, while larger amounts (over O.S per cent) possess
the ^opposite function, that is, they retard vulcanization. With an addition
of 5 per cent, the compound chosen by Martin for experimental purposes
would no longer vulcanize correctly. This compound contained SSH per

cent of Para rubber, 60 per cent of zinc oxide, and 1% per cent of sulfur.*

l\Iartin called attention to the importance of these observations in connection
with compounds containing alkali reclaim, from which the alkali has not been

completely washed out i xrc p. 344).t In conclusion, it may be mentioned
that E. Seidl found sodium peroxide to act as an accelerator and that in

1881, T. Rowley used ammonia for the vulcanization of rubber. The use

India Rutber U\>rld, 64, 663 (1921).
Caautck^fiic and nntia-percha, 4, 1415
(1907).

The coiTii-josiiion of this compound is ordi-
narily assumed to be 4 Ikl^COs’S Mg(,OR):’
5 H:0. According to H. W. GreidW lind.
Eng, Chem., 14, 385 C1922>3 it corresponds

ToH)^Ti'^'H O
MgCOs-S Mg

j riita-pcrRia, 4, 1352 (1907'
’ . hen.'-i-y of Rr.Vrer.” p. 42, Gurne

p, L :cn, 1913.
- “ duchr.". .Lric* !er Kautschukwaren,’^ p. 7(

Braunschweig, ISIS. See also A. van Ro
P- Amsterdam, 191<

30, 1421 (1911).
Ditmar. Gnmmi-Ztg., 2S, 424 (1914).

*^Twiss, india Rubber J., 65, 696 (192*3).

King, Chem. & Met. Eng., 15, 231 (19165;
Anderson and Ames, J. Soc. Chem. Ind., 42,

136 (1923).
Bedford and Sebrell, Ind. Eng. Chem., 14,

25 (1922).
115 “Xhe India Rubber Industry,” p. 205, Lon-

don, 1914; Cf. also, \V. Esch: Ger. Pat.,

344,061 (1919).
* Translator’s Note. Five per cent of sodiun*.

hydroxide in this compound is more than the

chemical equivalent of the sulfur present.

It is conceivable that the compound sbould

not have vulcanized at alL
t Translator’s Note. See Palmer and

Ind. Eng. Chem., Anal. Ed., 3, 45
Kilbourne and Miller, Ind. Eng. Chem,
69 (1930).
Gnmmi’Ztg., 25, 748 (1911).

Pat., 787 (1881).
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’ atnnioiiia is not without interest in relation to later work on organic vul-

'onination accelerators.

Afore recently, C. W. Bedford and H. A. Winkelmann have studied the

Nanism of acceleration of vulcanization by inorganic compounds and

confirmed Seidl’s observation that the phenomenon is absent if the

bber has been deresinated by acetone extraction. Furthermore, they

? -ed that the accelerating action is increased by addition of organic acids

'^Tas oleic and stearic acids. They concluded, therefore, that the mutual

of the inorganic basic compounds and the acid non-rubber constituents,

de so-called resins, was necessary for acceleration. Furthermore, they as-

sumed that mixed salts are formed, which under the action of elementary

sulfur form polysulfides. These readily split off ‘^active” sulfur, i. e., sulfur

in the atomic condition.

2R-COO-Pb-SH + S ^ R-COO-Pb-S-S-Pb-OOC-R + H.S

\ccording to this theory, metallic salts which are soluble in the rubber must

lt<t be formed in order that polysulfides, the real accelerators, may be pro-

duced. This explanation appears to be all the more plausible because of the

fact that ammonium, potassium, and sodium polysulfides bring about vulcani-

zation even in the absence of elementary sulfur and therefore must contain

sulfur in an especially active form. In this connection, it may be mentioned

that F. Dannerth has reported the accelerating action of metallic oleates

and stearates.
r t.

Although Bedford and Winkelmann could not prove the presence of such

had soapl in litharge-containing compounds, by extraction (for example,

with benzene and alcohol) and identification, they showed instead, that the

same action is produced, when the lead soaps as such, or the individual con-

stituents necessary for their formation, are present in the rubber mixture.

It was furthermore established that these lead soaps are soluble in rubber,

and that lead soaps which are soluble in benzene act as vulcanization accelera-

tors in resin-free rubber mixtures, while this is not the case with those in-

soluble in benzene. The solubility of the metallic compounds formed during

vulcanization appears to be the determining factor with regard to accelerating

action. The fact that zinc oxide, for example, exerts no accelerator action in

a rubber-sulfur mixture despite its basicity, must be explained by the in-

solubility of the zinc soaps in rubber, or the non-reaction of zinc oxide with

the acids p. 332). As we shall see later (see p. 324), the addition ot

other organic substances which produce soluble zinc compounds in rubber,

results in the production of an especially powerful accelerator from the zinc

oxide. - ,

Although the theory of Bedford and Winkelmann explains so many ot the

known facts, it, nevertheless, offers no logical^ reason why litharge should

exert such different accelerating actions on various kinds^ of rubber. C. U.

Weber had already observed that Mangabeira and certain African varieties

of rubber in mixtures containing small amounts of sulfur did not vulcanize

even in the presence of litharge. These data refer to vulcanization in not

air. It is a known fact that the three methods of vulcanization (in hot air,

in steam or hot water, and between heated plates of a press) , can j^oduce dit-

ferent results on the same compound at the same temperature. Results ob-

Eng. Chem.. 16, 32 (1924). A ,¥04^
Kolloidchem. Beihefte. 19,

^^Gummi-Ztg„ 2S, 710, 748 (1911). 16, 931 (1902); 17. 898

World, 64, 563 (1921); Cf. (1903); 19, 83 (1904).
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taiiird hy the use of any one method are not properly to he compared with
timse the other metlujds. iiowever, we shall see that in this case tlih
difference in procedure is not of principal importance for the action of
litharge.

Acting on Weber’s results, B. Bysow conducted experiments at a later

date on hot air vulcanization in the presence of litharge. He demonstratef
that here also the resins play an important part, by showing that acetone-
extracted i^ara rubber would not vulcanize in hot air. Without extraction ot

the resins, Para, plantation crepe, Ceara, Guayule, and Accra lump, vulcanized
well, while Upper Congo, Benguella, Kassai and Peruvian rubbers failed to

vulcanize under the same conditions. Consequently, other circumstances be-

sides the presence of resins must enter into the question, especially since tin-

non-vulcanizing varieties become capable of vulcanization upon addition of a
resin of an acid character, such as colophony or shellac. The next thino-

then, was to determine the acidity of the resins. The acid numbers in Tab?e
11 were obtained by Bysow on titration with alcoholic potassium hydroxide

Table 11 .—Acidity of Rubber Resins.
(a) (b) (a X b)

Resin content Acid number Acidity in mg. of KOH
Kind ui of the rubber of the resin based on 100 grams of rubber

Para 3 98 294
Plantation crepe 3-2 45-93 135-186
Ceara 4 43 172
Guayule 20 12 240
Accra lumps 26 2.9 75.5
Upper Congo 3-4 12 43

'

Benguella 6 10 60
Kassai 4 8 32
Peruvian 3 6 18

There are seen here wide differences in acidity of the various kinds of wild
rubber, just as Whitijy and Winn {see p. 308) showed in the various kinds
of plantation rubber. Furthermore, it appears that for hot-air vulcanization
in the presence _o_f litharge, there is required a minimum total acidity, equiva-
lent to GO to 75 mg. of potassium hydroxide, since Accra lumps’ can be
vulcanized, while Benguella rubber cannot. Bysow further established thi<

limiting value by showing that a mixture consisting of 100 parts Benguella,
30 parts litharge and 3 parts sulfur (the mixture alone could not be vulcaii-
izedj could be vulcanized satisfactorily if as little as 0.3 part of stearic add
were added. The stearic acid could be replaced also by palmitic, oleic, or

cinnamic acids, while citric and salicylic acids were inactive. This leads to’ the
deduction that the melting point of the acid, as well as the solubility of its lead
salt _m rubber, is important. Investi^tions leading to the determination of the
minimum amount of litharge required for satisfactory vulcanization were
carried out by Bysow on the above-described compound with Benguella rub-
ber and the added stearic acid. Approximately 4 parts of litharge was the

rainimum_ quantity which_ would produce a good vulcanizate. In addition
to the

^

acids named, the following substances are also active in promoting
vulcanization: beeswax, Japan wax, carnauba wax and spermaceti, as well

as raw sugar and certain polyvalent phenols. However, phenol, guaiacol,
alpha-naphthol, and resorcinol, were inactive. The lead salts favoring hot

vulcanization were basic lead carbonate and acetate, as well as lead palmitate,

oleate, and stearate, while the neutral .salts such as lead carbonate, sulphate,

India RMer 71 , 99 (1926).
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oxalate, chromate, nitrate, sulfite, and calcium plumbate were inactive. Bysow
considered mercury and silver oxides analogous to litharge. As pointed out

above, all of Bysow’s work refep only to the special case of hot-air vulcaniza-

tion, though in spite of this, his work unquestionably led to the same con-

clusions reached by Bedford and Winkelmann. That is to say, if lead salts

which are not of themselves active are added to a rubber mixture, the ac-

celerating action of the iiiorganic compounds is determined largely by the

rubber resins, since reaction with these non-rubber constituents produces
compounds soluble in rubber. Furthermore, not only the amount but the

acidity of the resins is a determining factor with regard to accelerating action.

Bedford and Winkelmann had pointed out that the vulcanizing action of

litharge in a rubber-sulfur mixture is increased by addition of the higher

fattv acids, but other investigators included also the lower acids of this

series in their investigations. Thus C. Dekker ^^3 had determined that the

acetone-soluble constituents of first latex sheet contained water-soluble acids,

in addition to the various liquid and solid fatty acids and their esters. A. van
Rosseni and P. Dekker vulcanized mixtures which contained, in addition

!o92.5 parts of acetone-extracted rubber, 7.5 parts of sulfur and 10 parts of

litharge, also 1.5 per cent of stearic acid (based on the rubber) or the equiva-

lent molecular quantities of the lower fatty acids. The period of heating

was 10 minutes at 147° C. In the presence of litharge the same action was
exerted by stearic, lauric, caproic, butyric, propionic, and acetic acids, but

formic acid failed to act. The action of these acids is best shown by the re-

sults of the experiments, which these investigators conducted by making 5

per cent cements of the mixtures in benzol, and heating them at 147° C. in

pressure flasks with the calculated amounts of fatty acids. The data in

Table 12 were obtained in this way.
Table 12.—Action of Patty Acids on Vulcanisation.

Material

Mixture containing no acid

Mixture containing stearic acid
Mixture containing propionic acid
Mixture containing acetic acid
Mixture containing formic acid

Results
No gelation after 120 minutes
Gelation after 10 minutes
Gelation after 10 minutes
Gelation after 10 minutes
No gelation after 120 minutes

According to van Rossem and Dekker, the part played in accelerating
vulcanization in the presence of litharge by the fatty-acid esters present
in the acetone extract, depends on the ability of the oxide to split the
esters and form lead soaps.

P. H. Mitchell carried out similar investigations with mixtures,
in which he used zinc oxide. Acetone- and water-extracted smoked sheets
were used, and quantities of various fatty acids equivalent to the total

acidity of the acetone extract of the rubber were added. In addition to

sulfur, each mixture contained zinc oxide equivalent to the added acid.

The optimum time of vulcanization was determined for all mixings.

The author concluded that the chief action of the fatty acids consisted
in dispersing the zinc oxide and other compounds, thereby increasing
the accelerating action. W. H. Smith and C. E. Boone have studied
the same problem with compounds which contained 100 parts of brown
crepe, 10 parts of sulfur, 5 parts of zinc oxide, and 1/1 S mol of saturated
fatty acid (from the series comprising formic to nondecylic acid

Rubber J., 70, 815 (1925).

^Ind, Eng. Chem., 18, 1153 (1926).

Caoutchouc and gutta-percha, 23,
(1926); 24, 13,440 (1927).

^^Ind. Eng. Ckem., 10, 398 (1927).

13,340
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I CisHs802), per 1000 g, of rubber. The period of heating was 50 minute^

at 149^ C., and the tensile strength was determined. When the tensile

strengths were determined it developed that the tensile values for the

compounds containing acids with an uneven number of carbon atoms
ia\' on a different curve from that obtained for the compounds containing

acids with an even number of carbon atoms. In the series of acids com
taining from one to nine carbon atoms, those with an uneven number of

carbon atoms produced the higher tensiles, while in the series of acids

containing from eleven to nineteen carbon atoms, the members with an

odd number of carbon atoms gave lower values. Thus a periodic varia-

tion exists, as is already known in regard to melting points and heats of

crystallization. In an investigation with light crepe, a similar but mucli

less striking variation was found.

From the foregoing discussion, it may be seen that the observations

of Bedford and Winkelmann, and with these the work of other authors

as well, have considerably advanced our knowledge of inorganic accelera-

tors. It is certain that the acidity of certain acetone-soluble constituents

of crude rubber is of great importance, and it is very probable that the

activity of the soaps formed depends on their solubility in rubber. As
trj how these soaps act as sulfur activators, there is no generally accepted

theory. It is not considered entirely impossible that some factors other

than sulfur activation are of importance.

Organic Accelerators

The theory of Bedford and Winkelmann that the inorganic accelera-

tors are not such of themselves until after reaction with organic acids,

leads directly to a more recent group of accelerators which has become
of the greatest importance in rubber goods manufacture.
The work of chemists of the Elberfelder Farbenfabriken vorm. Bayer

& Co.^-^ on the vulcanization of synthetic rubber was the occasion oi

the discovery of these so-called organic accelerators.* K. Gottlob,^-® wh*

was one of these chemists, writes as follows concerning the discovery

of such compounds

:

‘There are certain kinds of synthetic rubber which decompose quickly

in air through oxidation. These kinds of rubber can, however, as the

Farbenfabriken vorm. Bayer & Co. has found, be protected against oxi-

dation very" effectively' if a small quantity of organic base is mixed with

them. As protectives, such bases as aniline, pyridine, quinoline, dimetliyl-

aniine, and in certain cases piperidine were used. While the bases

mentioned first in the above list produced no essential change during the

vulcanization of the particular variety of rubber involved, the rubber in

which 1 per cent of piperidine was used showed a completely different

behavior after vulcanization, which was ascribed to a very far advanced
vulcanization. The determination of combined sulfur showed that about

eight times as much sulfur had combined with the rubber, as the expected

amount under normal conditions, a truly astonishing result. This obser-

vation, which was made jointly by F. Hofmann, the chief of the rubber

According to W. C. Geer lind. Eng. Chem., 1912. The firsst publication, however, on tBi^

14, 372 <1922) 1 Marks and Oenslager used subject was the Ger. Pat., 265,221 by tk
r.rganic snhstanoes such as aniline in 1906, Elberfelder Farbwerke in the year 1912.
and ihiocarbanihce in 1907. D. Spence * Translator’s Note. See the Perkin Medal

^ 36, 118 (1917); J. Jnd. Address, ‘‘Organic Accelerators,” by (Seopje

Enn, Chem.f 10, 115 (1918) 1 had used or- Oenslager, Ind. Eng. Chem., 25, 232 (1933]*

ganic coniF»unds such as piperidine prior to ^ Gummi-Ztg., 30, 303, 326 (1926).
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livision of the Farbenfabriken vorm. Bayer & Co., and K. Gottlob, induced

,!s to investigate the action of piperidine on the vulcanization of natural

rubber, whereby entirely similar results were obtained. This action was
nossessed not only^by piperidine and its homologues but, as was found

iater, by certain solid addition products of the bases which at the vulcani-

zation temperature obviously dissociated and became active. This was
very gratifying, since piperidine itself is very volatile and partially escaped

from the rubber on the hot rolls.^ Furthermore, certain aliphatic bases,

ilimethylamine, tetramethylenediamine, and derivatives of these bases,

showed the same accelerating action, on further investigation.^^o Finally,

in conjunction with Bogemann, I succeeded in demonstrating that not

only the above-named bases, but all bases, including the aromatic, possess

an accelerating action, provided their dissociation constant is above a

certain limit. This limit, above which lie the dissociation constants of

those bases which are practically effective, is approximately 10 ®. That
it is the basicity only, rather than the chemical constitution of the sub-

stance, which primarily governs its effectiveness, is shown very beauti-

iully by an experiment with para-, ortho-, and meta-phenylenediamine.

The first of these, being a very strong base, accelerates vulcanization

very powerfully, while the other two, whose dissociation constants lie

below 10'®, are almost without action. Bases having dissociation constants

;*reater than 10'^ accelerated enormously, ‘Vulkacit A Bayer’ {see p. 368 ),

in fact, accelerating vulcanization approximately' ten times as much as

the known inorganic accelerators.”

It is also important historically, as established by K. Gottlob, “that

the absolute value of the tensile strength is somewhat higher with

1 12 kg.) than without (10.5 kg.) accelerator. Since this phenomenon
is checked by other experiments, I am of the opinion that the speed

with which the desired degree of vulcanization is reached influences

the mechanical properties favorably, the nerve of the rubber, which
always suffers under long heating, being thereby protected.” The cor-

rectness of Gottlob’s views was to be recognized later.

The Elberfelder Farbenfabriken, as we have just seen, ascribed the

accelerating action to the basicity of the organic substances. G. D. Kratz,

A. H. Flower and B. J. Shapiro later established that phenylhydrazine,
which has a dissociation constant of 1.6 x 10'^ does not accelerate vul-

canization. On the contrary, its presence retards vulcanization. From
this and other experiments,* these investigators concluded that the accel-

erating activity of organic bases is not proportional to their basicity'.

The discovery of the accelerating action of nitroso compounds by' S. J.

Peachey was another blow to the basicity theory. Peachey first

recognized that para-nitrosodimethylaniline and its homologs, later para-

nitrosophenol and para-nitrosocresol,^®^ and finally nitrosobenzene act

as accelerators, while para-aminophenol is without effect on the rate of

vulcanization. Since it could no longer be held that the basicity of an
organic base was the only'' controlling factor in its accelerating action, and

®Ger. Pat. 269,512 (1913); 280,198 (1914). * Translator’s Note. Among these other ex-
Eng. Cheni., 13, 67 (1921). periments, was one in which it was shown

®Ger. Pat., 323,088 (1920): Brit. 4,253 that meta-phenylenediamine with a low dis-

(1914). sociation constant (1.35 x 10-^-), was a better
®Ger. Pat, 328,611 (1920): Brit. Pat, accelerator than certain other bases with

101,819 (1916). higher dissociation constants, e. g., phenyl-
” Brit Pat, 136,716 (1919). hydrazine.
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since all the known accelerators contained nitrogen, it was claimed that
this element was responsible for the accelerating action. The discovery
of nitrogen-free accelerators such as the zinc alkyl xanthates by J. OstrJ-
niislensky/'^^ and zinc thiophenol by C. W. Bedford and L. B Sebrelld'^'-

caused the rejection of all of the old theories.

The first publications of the Elberfelder Farbenfabriken naturaliv

aroused the interest of the technical world. A glance at the literature of

the last fifteen years reveals the intense activity in this field. It would
be impossible to note all the publications here or to list, even partially,

'.k tl'.e c -mpounds possessing accelerating action. The most essential d'e-

incnrs only can be considered.

Several hundred compounds having accelerating action are already

known. They may be grouped, according to Luff-Schmelkes,^^® in the

following divisions

Nitrogen-containing accelerators. Ammonia derivatives of aldehydes:
Hexamethylenetetramine ('‘HMT,’^ “Hexamin’’ or “Hexa’'), aldehyde-
ammonia, furfuramide (^^VulkazoB^), hydrobenzamide.

Aliphatic amines and piperidine, as well as their sulfur addition prod-

ucts, such as piperidinium pentameth3denedithiocarbamate and dimethyl-

ammoiiiuiii dimethyldithiocarbamate, as well as the reaction products
of these with aldehydes, such as benzaldehyde-diethylimide.

i\romatic amines, such as aniline, methylaniline, dimethylaniline,

toiuidine, phenylenediamine, dimethyl-para-phenylenediamine and di-

phenylamine, as well as their compounds with aldehydes, such as for-

ma!.'!ehy;!e-r!:e::yl:m!de, dianilinomethane, benzaldehyde-phenylimide,
i.r.vd t:.c:r ccmpcunds with carbon disulfide, such as symmetrical diphe-

nylthiourea and di-ortho-tolylthiourea.

Guanidines such as mono-, di- and symmetrical triphenylguanidine.

Nitroso compounds, such as para~nitrosodimethylaniline (Accelerene),

|!ara-Tiitrcs::d:phenylam:ne, nitrosobenzene and para-nitrosophenol.

Thiuramdisuifides, which are formed by treating ditliiocarbamates

with mild oxidizing agents or halogens

:

Bra

2 RrX — CS— SHXHRt. > R^XC— S— S— CNR^ + 2R=NH • HBr
I! II

for example, tetramethyl- or dipentamethylene-thiuramdisulfide.
Aliscellaiieous compounds. Certain dye bases (triphenylmethane dve

bases) benzene stilfamide, phenylhydroxylamine and the reaction

product of aldehyde-ammonia with carbon disulfide (carbothialdin).

’MJ. Russ. Fitys. Chem. Si>c., 47, 1441 (1915);
Gumnn-Ztr-., 30, 991 (1916).

£n.o'. them., 13, 1IJJ4 (1921).
iM Ciit-rnie des Kautschuks,” p. 155, Ber-

liji, 1925.
* TraIi^Ia^- »!'

^
Xote, A number of articles

ilealinj; with the classification and uses of
aceejeraturs have api>eared in recent years.
A few tif the more important classifications
are here given, in the hojje that they may be
of value for reference use.

R. R. Dinsmore and W. W. Vogt, Rubber
Age ibL F.), 23, 554-557 (1928); Rubber
them. Teck, 1 , 410 <1928).
W. Norris, India Rubber Worlds 79, No.

3, 53-57 (3929); 79, No. 4, 66 (1929).
F. Emden. Kautsckuk. 5, 241-244, 269-276

(1925',; Eubfcr Age (.V. F.), 26, S99-603,

659-661 (1930).
G. Martin and R. Thiollet, Caoutchouc and

gutta-percha, 26, 14,494- 14, -}97; 14,722-14,730

(1929); Rubber Chem. Tech., 2, 356-361

(1929); 3, 38 (1930); Rubber Age (N. 1’.),

25, No. 4, 201 (1929).
F. Jacobs, Caoutchouc an : g.-tt-

27, 15,165-15,172, 15,258, .

28, 15,350, 15,394, 15,438, '.r -U.

15,562, 15,602, 15,638, 15,674, ..:.7:s, IrC:

(1931); 29, 15,836, 15,870, --b.'--

15,978, 16,014, 16,050, 16,082, lu.'i-:. It...'.

16,186 (1932); 30, 16,258, .'i

16,389, 16,421, 16,509, 16,541, 16,6;!; p'r-’.;

P. Bary, Rev. gen. caoutchouc, 6, -Nc-

3, No. 53, 3 (1929); 7, No. 59, 3 (1930).

L. Gaisman and J. L. Rosebaum, Brit Pat,

141,412 (1919).
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Nitrogen-free accelerators. Xanthates, i. e., the reaction products of

carbon disulfide with alcoholic alkali solutions.

S-Na

QHsONa + CS. > S

\
O GH,

in the form of their sodium, potassium, zinc, and lead salts in the presence

of zinc oxide.

Salts of dithioacids such as zinc dithiobenzoate, and the correspond-

ing disulfides such as dithiobenzoyl disulfide.

QH5— C — S — S — C— GH:.

Anthraquinone and benzoquinone, which S. J. Peachey used for the

cold vulcanization of rubber with hydrogen sulfide and sulfur dioxide.

As we shall see later, the number of types of compounds with acceler-

ating action is not exhausted with the above list.

It was stated previously that these organic accelerators are of great
importance to the rubber industry and it might therefore be well to

discuss the advantages which they offer over the longer known inor-

pnic accelerators.

Early publications show that organic accelerators were used mainly
to shorten the time of vulcanization, or as K. Gottlob stated, ‘‘to

economize on time, steam, equipment, molds, and labor.” It was also

quickly realized that, whereas large amounts of inorganic compounds
were required to accomplish the desired acceleration, as little as 1 per cent

of organic accelerator, based on the rubber content of the compound, was
required. The advantage for certain purposes is that the specific gravity

of the compound is practically unchanged by the use of the accelerator.

Gottlob further points out that by the use of organic accelerators a lower
sulfur content may be used in the compound than when inorganic accel-

erators are used, thus diminishing the danger of after-curing and unde-
sirable blooming of free sulfur. Gottlob also suggested that decreasing
the time in which a desired state of vulcanization is attained influences

the mechanical properties of the vulcanizate favorably. As we shall see

later, the chief value of organic accelerators is to be attributed to this

latter property directly, for with the help of these substances and recent

knowledge of the pigmentation of rubber, the mechanical properties of

rubber goods have been raised to heights never attainable in former
times with inorganic accelerators. It was soon learned that some com-
pounds not only decreased the time of vulcanization but also lowered the
temperature necessary for vulcanization, indeed making vulcanization
tven at room temperature possible. It is of special interest that the
optimum mechanical properties are reached at a vulcanization coefficient

much lower than was earlier the case with inorganic accelerators or
without any accelerator. This lower content of combined sulfur is

noticeably reflected in the better aging properties of the vulcanizate. The
term accelerator is really not comprehensive enough, since the substances

®G. Bruni, India Rubber 7., 64, 937 (1922); 11,626 (1922); 20, 11,679, 11,720 (1923).
238 (1923). wo Brit. Pat., 190,051 (1922).

E. Examani, Caoutchouc and gutta-percha, 19, Gummi-Ztg., 30, 326 (1916).
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thus designated serve as vulcanizate improvers, in addition to their action

in reducing the vulcanization time.^*^^

Theories of Accelerator Action

It is easy to understand that the multiplicity of interesting phenomena
arising from the results of vulcanization in the presence of organic accelerators

has directed the interest of many chemists toward the mechanism of the reac-

tion between these substances and rubber. It was soon recognized that the

action of accelerators is not truly catalytic. The large variety of accelerator

types led investigators to surmise that no single formula would explain the ac-

tion of all. It is generally accepted, especially with reference to the decrease

in time and temperature of vulcanization, that elementary sulfur is rapidly

changed under the influence of accelerators into a more active form, thus

nr'unrft^ng its combination with the rubber hydrocarbon. The discovery of

di- Peacinw process of vulcanization (see p. 334), by which nascent sulfur

is produced in the rubber, making possible an almost instantaneous vulcaniza-

tion at room temperature, supports this theory. On the other hand, M. Le
Blanc and IM. Kroger have shown that the viscosity of rubber sols de-

creases with :::crca=ir.<r dielectric constant of the solvent and suffers a further

reduction on ad':!::,-:: of an accelerator. It might be assumed from this

observation that in some way the accelerator acts directly upon the rubber

hydr-'cnrhon. It is generally assumed today that the elementary sulfur which

n- with the rubber combines with the accelerator to produce compounds
which can easily split off sulfur. This nascent sulfur is then the active vul-

canizing agent. The fact that the accelerators belong to such widespread

classes would indicate that their chemical action should likewise differ widely.

For this reason, a generally applicable theory for accelerator action has not

yet been advanced.

The first to attempt to develop such a theory w^as Ostroniislenskyd^^

Basing his theory on the obsen^ations of H. Erdmann, concerning the vul-

canization pneess, he assumed that primary and secondary amines, especially

in the presence of metallic oxides, form thio-ozonides.

2RXH=-f4S —> RNHS— S— SNHR + H.S

These then yield sulfur in an active form by reversion of the reaction or

with formation of compounds of the type RNH * NHR. Even if elimination

of all the sulfur from a thio-ozonide is hardly possible (for it would probably

act as does an ozonide), there is furthermore, opposed to this conception, the

fact that at a later date, trimethylamine,^^® which has no hydrogen combined
with the nitrogen, became known as a powerful accelerator.

G. D. Kratz, A. H. Flower and C. Coolidge explain the accelerating

action of compounds containing nitrogen, especially of the amines, by as-

suming that the nitrogen atoms add sulfur by a change in valence from three

to By a reversion of the process, these addition compounds should yield

sulfur in an active form.

RXHs -f S > RNH.S ^ RXra + S (active)

These assumptions are supported by the fact that para-phenylenediamine.

HofnsriR, Ckem.-Zig,, 50, 1006 (1926).
EiekirQckem., 27, 335 ( 1921 ).

^*\J. Euss. Pkz.s. Chem. Sot,, 47, 1892, 1898
ri915); I. Soc. Ckem. lnd„ 35, 370 (1916);
Cacmtchmc ar.d 13- 8946. 9034,
9064, 9362 (1915).

Ann., 362, 133 (1908).

A. Dubose, Caoutchouc and gntta-perchs,
'

10,050 (1919).

Ind. Eng, Chem., 12, 317 (1920).
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with two reactive amine groups, was found to be approximately twice as active

a's aniline, with only one.
^

A. Dubose attributes the activation of sulfur by metallic oxides to the

inint action of hydrogen sulfide and sulfur dioxide, the former resulting

from reaction of sulfur with the resins and proteins of the rubber, and the

latter being produced by reaction of sulfur with metallic oxides. Aside from

the fact that this conception is limited to metallic oxides, the author does not

consider the question as to whether sufficient amounts of the gases are formed

in the requisite proportions to satisfy the following equation

:

2H.S + SO. > 2H,0+3S

In addition, Dubose assumes that the organic accelerators containing nitrogen

react with sulfur to form thiocyanic acid, which serves as an activating agent,

hy giving up its sulfur to the rubber hydrocarbon. In the course of these

reactions hydrocyanic acid, which in turn is capable of adding sulfur again,

{> formed. The mechanism which Dubose devises for the formation of thio-

cyanic acid by reaction of sulfur with aniline, is quite doubtful. It might also

he inquired whether under the existing conditions, thiocyanic acid might

not simply be added (analogously to the addition of free thiocyanogen)

to the double bond. It might be mentioned here, however, that L. B. Se-

firell was able to detect thiocyanic acid among the reaction products of

hexamethylenetetramine and sulfur. It is also interesting that Dubose con-

ceives the thiocyanic acid as a condensing agent for the rubber hydrocarbon.

Thus there is presented for the first time the idea that a variety of actions take

place during vulcanization, leading on the one hand to increasing the degree

of vulcanization and on the other to the improvement of the mechanical prop-

erties through the presence of the accelerator.

Although the previously discussed theories applied essentially to the nitro-

gen-containing accelerators (for example the amines), by means of the

theories of C. W. Bedford and W. Scott it was possible to interpret the

known facts for a larger number of types of accelerators. They assume that

the intermediate formation of polysulfides, as a source of active sulfur, takes

place. For amines, for example, the following reaction would occur;

H H H

R-NH2 + H2S ^ R-NH2 -h.rS ^ R-NH. > R-NH. -f.rS (active)

I I I

SH S.r=SH SH
Thus the polysulfide is assumed to split off active sulfur. The hydrogen
sulfide necessary for reaction with the accelerator results from the reaction

of sulfur with the natural non-rubber constituents of the rubber. In favor
of this hypothesis is the fact that amines, for example dimethylamine,
absorb hydrogen sulfide rapidly, yielding a red polysulfide solution. The
observation of D. F. Twiss that the acceleration of vulcanization in the

presence of potassium hydroxide is uninfluenced when its solution in glycerol

is saturated with hydrogen sulfide to convert it to potassium hydrosulfide,

bears out the theory. The accelerating action of the hydroxide appears
not to be due to the hydroxyl group, but to the capacity for hydrosulfide

Caoutchouc and gutta-percha, 14. 910
(1917); 17. 10,511 (1920).

‘"Pummerer and Stark, Ber., 64, 829 (1931)
Tech., 4, 402 (1931).

J5«dford and Winkelmann, “Systematic Sui
vey of Rubber Chemistry,’* p. 32, Chemica

Catalog Co., Inc., New York, 1923.
151 /nd. Eng. Chem., 12, 31 (1920); 13, 125

(1921); see also Bedford and Sebrell, ibid.,

13. 1034 (1921); 14, 25 (1922).
1B2J. Soc. Chem. Ind., 36, 782, 1185 (1917);

40, 242 (1921).
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formation, followed later by polysulfide formation. If one considers the
following facts: ( 1 ) the experiments of Bedford and Sebrell in which tliev

prepared i by reaction of sulfur dioxide and hydrogen sulfide in benzene
below 10° C.) the very active accelerator, trithio-ozone, which they consider
to be a polysiilfide of sulfur and which produces vulcanization at room tem-
perature; i2i that Ph. Schidrowitz in his “Vultex’’ process vulcanizes latex
by using pcdysulfides (see p. 90) : and (3) that an explanation is offerer!

by the polysulfide theory for the effectiveness of small amounts of accelerator
in activating proportionately large amounts of sulfur; then it may be seen
that the prdys’.ilficle theory has much in its favor. The accelerators which are
capable of forming polysulfides were designated by Scott and Bedford as
‘‘hydrogen sulfide-p^lysulfide” accelerators. Their action depends on the
presence of hydrogen sulfide and, therefore, on the presence of the non-rubber
constituents of the rubber, in so far as the accelerators themselves do not
react with sulfur to form ammonia and hydrogen sulfide at vulcanization
temperatures. In this group are classified all organic bases and such com-
pfiiiiids as form bases, as for example, aldehyde-ammonia, ethylidine-aniline
and anhydroformaldehyde-aniline.

In contrast to this class of “hydrogen sulfide-polysulfide” accelerators is

that designated by Scott and Bedford as “carbosiilfhydryl-polysulfide" ac-
celerators. 'to this class belong all compounds which contain the mercapto
grmtp linked to carbon, such as, for example, thioureas (enol form), mercap-
tans and dithiocarbamates, as well as the disulfides such as thiuram disultide>
which are formed from the dithiocarbamates by mild oxidizing agents or halo-
gens. This class of compounds contains the sulfhydryl or mercapto group,
which is capable of forming polysulfides, and the action of these comp^ounds
is therefore not dependent on the presence of hydrogen sulfide or the non-
rubber constituents of the rubber.

In the following paragraphs, the action of individual compounds of both
classes of accelerators will be discussed in greater detail. According to Scott
and Bedford, aldehyde-ammonia, hexamethylenetetramine, and para-phenyl-
enediamine react with sulfur, forming hydrogen sulfide and ammonia I’nr

ammonium sulfide) which, on further reaction with sulfur, produce am-
monium polysulfide, the active accelerator. These three compounds, there-
fore, belong to a subdivision of the “hydrogen sulfide-polysulfide’’ class in

which the activity is not dependent on the presence of the non-rubber con-
stituents of the rubber. In opposition to the opinion that these compounds
function in the same manner, are the observations made by D. F. Twiss, in

collaboration with S. A. Brazier, q Hawson.^^^ These investiga-
tors found that the behavior of aldehyde-ammonia differed from that of

hexamethylenetetramine, in rubber mixtures containing zinc oxide. While
the accelerating action of hexamethylenetetramine in the presence of small
amounts of zinc oxide (less than one per cent) was greatly enhanced, the
influence of zinc oxide on aldehyde-ammonia was almost absent. Therefore,
conditions are not so simply explained as Bedford and Scott believed them
to be, especially if metallic oxides are present. In an investigation by Bed-
ford and Scott on the action of sulfur on aldehyde-amine condensation
products sticli as anhydroformaldehyde-aniline and methylenediphenyldiamine,
It was ascertained that, in addition to other urea derivatives, thiocarbanilide

-1* iT; S;:: it:t III
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occurwas the chief product of the reaction. Complex reactions, therefore,

in this case and more will be said concerning them later.

In the following graphical formulas may be found types of compounds

which are classified in this group

:

Thioureas

:

iifsrcapians (^R'iCSM')

NHR
/

C = S
\
NHR

r_-C>-N

NR

/- SH
\
NHR

\
C — SH

\ / /
C' k j

SH
thiophenols

Bithio acids:

S

/
fcN-C

\ —

M

dithiocarbamates

Bisulfides:

R^C-S-S — C-

I
s s

iitkiodiacyl disulfides

mercaptothiasoles

S

- N
\

//
RO —

C

\
xanihates

S —

M

C— SH
/

s

mercaptobenzotkiazoles

S
//

R-S —

C

\
S — M

trilliiocarboiiales

R,N — C— S— S — C — NR., RO — C — S — S— C — OR
tl M II n

iPimram disulfides

S S
dixanthaies

A glance at the above type compounds shows that for the first time organic

accelerators containing no nitrogen are represented.

Reference has already been made to the increase in accelerating action of

hexamethylenetetramine by zinc oxide. This is most decidedly the case

with guanidine derivatives. Bedford and Scott assume that disubstituted

guanidines such as diphenylguanidine react with hydrogen sulfide, forming
ammonia and thiocarbanilide, so that we are here concerned with accelerators

of both the hydrogen sulfide-polysulfide and carbosulfhydryl-polysulfide

groups. The previously mentioned aldehyde-amine condensation products may
he considered similar. Later, however, Bedford and Sebrell were able to

prove that diphenylguanidine forms an addition product with hydrogen sulfide

Md forms salts with mercaptans. Hence the disubstituted guanidines were
^pin considered to be entirely of the hydrogen sulfide-polysuifide group. In-
cidentally, W. Scott showed that, of the disubstituted guanidines, the
di-ortho-tolyl derivative was the most powerful, followed by the di-para-

Ind. Eng. Chem., 14, 25 (1922). India Rubber 64, 476, 605 (1922).
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and finally ilipheiiylgiianidine. It would appear from this that the effect

of chemical constitution should not be entirely disregarded. Scott assumed
further that the activating effect of zinc oxide was due to the formation ui
derivatives of the type of complex zinc-ammonia compounds, zincates, or thio-
zincates, and that the noticeable improvement in physical properties of the
viilcanizates in the presence of zinc oxide might be ascribed to phvsico-
dieinical action.

Accelerators of the second class, the carbosulfhydryl accelerators, are di-
tiiigiiished by the grouping,= C * SH, or by their ability to form this

under the conditions of vulcanization. By means of the mercapto g^roup
they are capable of forming salts with metallic oxides. In this class^ there
now appear for the first time compounds which, in the absence of zinc oxide
from the rubber mixture, are well-nigh inactive, while in its presence they
are so activated that they are distinguished from the majority of accelerators
by the title ‘‘ultra-accelerators.’' A. Maximoff/^® in the years 1914-16, ap-
pears to have been the first to learn of the activating action of the metellic
uxides on accelerators of this class, the dithiocarbamates in particular. In
the literature, however, the activating action of zinc oxide upon certain ac-
celerators was first established by D. F. Cranor.^^® Maximofif, as well as
Bedford and Sebrell,^^^ assumes that the zinc salts of these compounds are
the really reactive substances with regard to accelerating action.

We will now consider the theories which have been advanced to explain
t!)e mechanism of accelerator action in the presence of zinc oxide. As already
mentioned, it is not the organic substances themselves but their zinc salts

that are considered to be the active agents. For certain substances, such as
the disulfides, however, another view must be accepted. The formation of a
zinc salt, in the case of the thioureas, is possible only if one assumes the iso-

iiieric form for their constitution, as is indicated above. Diphenylthioiirea
must therefore react with zinc oxide as follows

:

! ''"c — sn ^ - ZnO - ILD ^
/

GHoN
\
C - S ~ Zn — S -

/
GHoNH

NGH5

\
HNCcHs

An indication of the correctness of this representation is to be had in Sebrell's
i>hservati(m that a solution of diphenylthioiirea in benzene and aniline
dissolves a considerable quantity of zinc oxide, while the benzene-aniline
solution alone does not. Furthermore, upon stirring with litharge, a solution
of diphenylthiourea in benzene at 15^ to 20^ C., forms a red mercaptide which
on wanning is transformed into lead sulfide. Addition of sulfur to the cold,
red solution of the mercaptide deepens the color. From this, then, it appears
that diphenyithiourea forms salts with metallic oxides which activate siiltur

by formation of polysulfides, but which are decomposed by hydrogen sulfide
into mercaptans and metallic sulfides. These hypotheses are insufficient, how-
ever, for ]\Iaximoff has established in his investigations that the zinc and
lead dithiocarbamates act as powerful accelerators only in the presence of
zme oxide. C. w. Bedford and H. Gray^®^ believe this to be explained by
assuming that the presence of zinc oxide retards the decomposition of the

Camichouc awT guita-percha, IS, 10,94-^
10 ,986 - ( 1921 ).

" ’

* Rubber X, SS, 1199 (1919).
Ini. Emg. Ckem., 14, 25 (1922).

Bedford and Winkelmann, “Systematic Sur-

vey of Rubber Chemistry,” p. 39, Chmtical
Catalog- Co,, Inc., New York, 1923.
India Rubber 64, 476, 604 (1922),
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gallic zinc salt by hydrogen sulfide formed in the rubber compound, or else

her its decomposition causes its synthesis again.

Bruni and E. Romani also assume that accelerators of this class

t unction through the formation of zinc salts, but in individual cases incline

toWd other views. Bruni had already demonstrated the activity of the

metallic dithiocarbamates in 1918, and that a cold vulcanization of a rubber

mixture which contained sulfur, zinc oxide, and an aromatic amine would

^cair if it were exposed to carbon bisulfide vapors. Furthermore,

Romani found that the oxidation product of piperidinium pentamethylene-

dithiocarbamate, i.e., the pentaniethylenethiuramdisulfide, induced vulcani-

zation of a rubber-zinc oxide mixture in the absence of sulfur, and that other

tliiuram disulfides behaved similarly. On the other hand, the activity of

metallic dithiocarbamates is dependent on the presence of free sulfur. Since

Bruni and Romani were able to establish the fact that thiuram disulfides are

formed by the action of free sulfur on the metallic dithiocarbamates, they

believed the mechanism of the reaction to be as follows:

(1)

2 :

(CH3).N-C-SH • NH(CH.)2

(CHa).N—C—

S

d- ZiiO •

d'mcihylanimonium dimethyldithinctirhojiiaic

(CHa)2N—C~S
II

S

\
Zn -f H.O -f 2NH(CHaU.
/

(CHa)=N-C~S

(CH3).N — C~S'
II

s

\
2

/
Zn + S (inactive) -

—

Anc diuietliyldithiocarhiuiuHe

S (2)

II

(CH:,)=N - C — S
I

!
+ ZnS

I

(CH.)=N — C —

S

1 !

s
fctraiiiethylthiHramdisiilfide

S
11

(CH3).N — C—

s

(CH3)3N — c—

s

II

s

(3j

(CHalaN —

C

\
/

’ S -f- S (active)

(CHG^N-C

tefraniethylthiiiramiuonosiilfide

Reaction 3 proceeds under the influence of the vulcanization ternperature

and liberates sulfur in an active form. In order to explain the fact that sma

amounts of this type of accelerator are sufficient to activate proportionately

large amounts of free sulfur and yield normal vulcanizates, it is necessary

to assume the reformation of the disulfide from the sulfide in the presence ot

^ Giom. chim. ind. applicata, 3, 351 (1921);
Mia Rubber J., 62, 63, 89 (1921).

^Italian Pat., 173,322 (1918); 173^364

chim. ind. applicata, 3. 196
(J921).

® Giorn. chim. ind, applicata, 3, 197 (19-.1).
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free l inactive) sulfur, and also that this reaction takes place at vulcanization

teniperatitre.

S

iCH.i.N—

C

>S S f inactive)

C

S

s s

!i
II

(CHd)=N—c—S (CHs) 2NC
!
-» >S + S (active)

{CHu'):N—C—S (CH3).NC
P P

The action of accelerators of this type would not be dependent on the presence

oi zinc oxiclc.

We see therefore, that the theories of Bedford and Scott or Sebrell and

those of Bruni and Romani are similar. Both assume the intermediate for-

mation of zinc salts, but whereas Bedford and his co-wmrkers attribute the

activation of the sulfur to polysulfide formation, Bruni and Romani consider

the formation of disulfides to be responsible.
_ ^ ,

According to the disulfide theory, the action of the zinc alkyl xanthates

would be exTlained by the following equation:

S

CA1..0-C-S
. ,>Zn — S i inactive

)

S

s

C.H.-1O—c—

s

!

GH.O—C—

S

I!

S

s

II

C.H3O—

c

>s
C.H 3O—

c

II

s

S (active)

To the above reactions must be added one in which the activating agent,

eith.er the disulfide or a similarly acting substance, is regenerated. Bruni

and Romani also attribute the accelerating properties of diphenylthiourea

and its analogs to disulfide formation, assuming the intermediate formation

of phenyl mustard oil

:

C„H=— NH

C = S > + GH.N = C = S

GH 5— XH
N

= C = S -r S — \
\/\ /

S

C— SH

2i
j

C— SH-
\/\/

S

ZnO

N
/\/\
\/\/

S

c— s— Zn- 1 + H=0

N X
, /

C—S—Zn—S—

C

\/\/ \
s :

+ s

In support of this mechanism, Bruni and Romani point out that

substituted thioureas do not act as accelerators, since they are not capable m

forming phenyl mustard oil. This fact, however, can also be claimed
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Bedford and his co-workers, as evidence for their theory on the ground that,

since these compounds are tetra-substituted, the capacity for enolization is

absent and they cannot form the mercaptan group which is necessary for the

formation of polysulfides.

A. new accelerator theory [Kolloid-Z., 59
, 373 (1932)] has recently been proposed by

Ditmar to explain the action of thiazoles.* The theory is applicable to thiazoles in the

oresence of ZnO but not to thiazole salts. According to this theory the Ss forms active

Atomic sulfur at vulcanization temperatures. The active sulfur, e.g. oxidizes the 2-

mercaptobenzothiazole with the formation of H2 S. Simultaneously the active sulfur re-

duces the ZnO present to zinc with the formation of ZnS and SO 2 . The zinc unites with

the thiazole rest to form the zinc salt. The hydrogen sulfide and sulfur dioxide then

react as in the Peachey process to form the active vulcanizing agent thiozone, S3.

SO 2 + 2H 2S ^ 4H -f 20 + S 3

The nascent hydrogen and oxygen then react with other Ss molecules to produce active

atomic sulfur or they unite with active sulfur to form H-S and SO 2 . The process is

repeated until vulcanization is completed.

In the following paragraphs are presented facts which support or militate

against one or the other of these two theories.

In connection with their investigation of tetramethylthiuramdisulfide, Bed-

ford and Sebrell confirmed the observation of Romani that this compound
is active in the absence of free sulfur and established, furthermore, that its

accelerating action is not dependent on the presence of zinc oxide. This

agrees, in a way, with the expanded theory of Bruni and Romani, although

the reason why the activity of the thiuram disulfide should be distinctly in-

creased by the simultaneous presence of zinc oxide and sulfur is not ex-

plained. The following observation of Bedford and his co-workers also ap-

pears to be worthy of consideration. While tetramethylthiuramdisulfide,

either with or without zinc oxide, requires higher temperatures in order to

produce a vulcanizing action of any importance, rubber mixtures which con-

tain the accelerator and zinc oxide will vulcanize at room temperature in sev-

eral hours if exposed to hydrogen sulfide. Bedford believed that this phe-

nomenon was to be explained by his polysulfide theory. He assumed that

the thiuram disulfide, behaving similarly to the aromatic disulfides, was split

by the hydrogen sulfide into dithiocarbamic acid and sulfur. The former, on
reaction with zinc oxide, produces a salt capable of forming polysulfides.

II

(CH^sN-C— S (CH3)2N — C. (CHj),N — C
-1-H.SS+ \SH+ZnO ^S>Zn+H,0

mhN^c—s
II

s

(CH3)2N— C
SH-

\
(CH3)3N — C

\

If the mixture does not contain zinc oxide, the cold vulcanization in the pres-

ence of hydrogen sulfide does not occur. This indicates that the important
thing, therefore, is not the presence of the disulfide, but the formation of the
zinc dithiocarbamate. In opposition to this, however, is the fact that zinc

ethyl xanthate,^^® as well as the zinc dithiocarbaniates are almost valueless
in zinc oxide-free mixtures, while in the presence of zinc oxide they are so
strongly activated that they are known as ultra-accelerators. Bedford and

* Translator’s Note. Maximoff, Caoutchouc and gutta-percha, IS,

f ind. Eng. Chem., 14, 25 ( 1922). 10 ,944, 10,986 ( 1921 ); Twiss, Brazier and
Bruni and Romani, India Rubber 62, 63, Thomas, J. Soc. Chem. Ind., 41, 81 ( 1922).
89 (1921 ).
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believe, as already mentioned, that this can be explained by as-

suming that the excess of zinc oxide retards the decomposition of the zinc

salts (which according to their theory are the sulfur activators) by hydrogen
suitide already formed in the mixture, or regenerates them if already decom-

posed. They believe they are justified in this assumption, since

'

Bedford
and Sebreli had established that solutions of zinc dimethyldithiocarbamate

are decomposed by hydrogen sulfide. It may also be mentioned that these

investigators could in no case find evidence of disulfide formation in studying

the reaction of sulfur with zinc dimethyldithiocarbamate in hot xylene. It

may l^e objected, of course, that it is doubtful whether the same reactiun

would take place under these conditions as in rubber. The observation made
by Bedford and Sebreli, as well as by S. M. Cadwell,^'^^ that aniline and other

aromatic amines are capable of increasing the accelerating action of metallic

xaiithates and dithiocarbamates as well as the prresponding disulfides, so

that a vulcanization at a lower temperature is possible, is also worthy of notice.

This action is ascribed to the solubility of these accelerators in the aromatic

amines. A new factor influencing accelerator action enters in, therefore,

insofar as the assumed explanation of the facts is correct.

Bniiii and Romani, as mentioned previously, have also traced the action

of diphenyithiourea and its analogs to disulfide formation. They assume
the intermediate formation of phenyl mustard oil and its reaction with sulfur,

by which niercaptobenzotliiazole is formed. In favor of this reasoning is

the fact that mercaptobenzothiazole was found simultaneously and independ-

ently by Bedford and Sebreli and by Bruiii to be a powerful accelerator.

It was found, however, that phenyl mustard oil is not more active than

thicHcarbanilide, a fact which is contrary to the mechanism assumed in the

Brimi and Romani theory { see p. 326 j. Furthermore, Bedford and Sebreli

raise the objection that tliiocarbanilide exhibits a vulcanization accelerating

action at a considerably lower temperature than that required for the forma-

tion of mercaptobenzothiazole from phenyl mustard oil. Whether this objec-

tion is valid or not, cannot be decided definitely without further work, since

the presence of rubber, having the ability to combine with sulfur, may in-

fluence the reaction materially.

The iiiercaptobenzothiazoles are acids and are capable of forming salts, espe-

cially of zinc and lead. These salts are more active than the free mercaptans,
but the disulfides obtained from the mercaptans by oxidation are less active

than the n'.ercaptcber.zcthiazoles themselves. This is decidedly against the

disulfide theory, provided that the reactions taking place in the rubber mix-

tures are not greatly influenced by the presence of zinc oxide. It is a fact,

in any case, that ail these compounds are hardly to be considered as accelera-

tors in the absence of zinc oxide, while in its presence they are very active.

A new factor, the dependence of accelerator action on chemical constitution,

is brought into consideration by some very interesting w^ork wFich may be

considered in conclusion.

K. Gottlob had already showm that, w’'hile para-phenylenediamine acts

as an accelerator, the ortho and meta compounds are practically valueless,

a fact w’hich w’as attributed by him at that time to the difiPerences in the

dissociation constants. Kratz, Flower and Shapiro, however, pointed out

hidia Rubber I., 64, 604 (1922); see also (1922).

(1923).^^'^"^^^' Atti acad. lincei, 31 (5), I, 86 (1922).

0. S. Pat., 1,440,961 to 1,440,964 (1922). Cummi-Ztg., 30, 303, 326 (1916).
*•=/«£ Eng, Ckem., 13, 1034 (1921); 14, 25 Ind, Eng. Chem., 13, 67 (1921).
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that this explanation could not hold. The constitution alone, therefore, must

explain the difference in behavior of the isomeric phenylenediamines. The

-irst
comprehensive investigation of the effect of chemical constitution on

accelerator action was made by L. B. Sebrell and C. E. Boord.”® They studied

the influence of alkyl groups in various positions in the benzene ring of

mercaptobenzothiazole upon the accelerating action and found the 4-methyl-

2
-mercaptobenzothiazole to be the most powerful accelerator of this series,

others ranking as given in the following order

:

CH>

A-"!

V
-SH SH

The activity of the unsubstituted derivative ranked it intermediate between

the 4,6-dimethyl and the 6-methyl derivatives. Sebrell and Boord also

studied the influence of various groups and atoms on the accelerating influ-

ence in the following compounds

:

.N

2-mercaptobenzoxazole 2~mcrcaptobenzothia::oJe Z-aiiiinobensotJuauole

^C— OH

2-hydroxyhensothiazole

N

2-mercaplothlazoline

It developed that the mercapto group was the most essential to the ac-

celeration, followed in importance by the ring sulfur atom. The benzene
ring was the least important of these three factors. The mercaptoben-
zoxazole was less active than the corresponding thiazole, yet more active

than the aminobenzothiazole. The hydroxybenzothiazole was decidedly in-

ferior to the mercaptobenzothiazole in activity. The mercaptothiazoline ex-

erted a powerful accelerating action, though less than the mercaptobenzo-
thiazole. Bruni and Romani,^'^'^ in addition to the above, have established that

2-mercapto-4-methylthiazol e
CH — S

CHa C~N
C — SH

and its salts are just as active as the mercaptobenzothiazoles. This con-
firms the view that the benzene ring is practically without importance
as far as accelerating action is concerned. Bruni and Romani vul-

canized rubber-sulfur mixtures which contained 1 to 3 per cent of the

thiazoles mentioned, in the presence of zinc, lead, calcium, magnesium or
mercury oxides, at 120^ C., for 5 minutes. The investigation showed that

2-mercapto-4-methylthiazole yielded no disulfide, but on the contrary a mono-

India Rubber J., 64, 27, 476, 605 (1922); Atti acad. lincei, 31 (5), I, 86 (1922).
ini. Eng. Chem., 15, 1009 (1923).
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sulfide It was not established whether or not the latter m turn acted as a

rulcanization accelerator. Since it is not apparent why the mercaptothiazole

>^hoii!d behave differently than the corresponding mercaptobenzothiazole un-

der the same conditions,'the monosulfide formation m the case of the former

seems to be an argument in opposition to the disulfide theory of Bruni and

"

"“JQIll

Idi Schidrowitz, de Gouvea, and Osborne have considered the question

of variations in constitution in homologous series and found that the di-

methvlamine-dimethyldithiocarhamate and the diethylamine-diethyldithio-

carlia'mate differ but slightly in their accelerating action when used alone,

while on the contrary, the dimethyl compound, in the presence of zinc oxide,

k more active than the diethvl derivative. Tetramethylthiuramdi sulfide, how-

ever according to Twiss, Brazier, and Thomas,!^® is a somewhat weaker

accelerator than the corresponding tetraethyl derivative, so that there seems

to be no rule governing the relative activity of the homologs in a given series.

Fiirth.crmore," D. F.
' Twiss i®® established that the dithiocarbamates and

thitirani disulfides derived from primary amines are in general less active

than t!'i i-e derived from secondary amines. On the other hand, the dithiocar-

ijamates of priman- amines are less activated by zinc oxide than those derived

from .secondary amines. Later investigations of a systematic character by

I'I’ev aiifl Powers on the di.substituted guanidines, as well as liy Xaim-

tnn'®- on the activity of diarylthioureas and diarylguanidines, considered

together with the already mentioned investigations of Sebrell and Boord.i®®

lead to the conclusion that the accelerating action rises with advancing niolecu-

lar weight of the aryl group. Electropositive substituents appear to increase

tlie actwity, electronegative groups to lower it. It is less clear, however,

wliv with tolvl isomers" of thiourea, the activity diminishes from ortho to para

-^vhiie with the c'^rresnonding guanidines the ranking is reversed,

x'either'tlie theory of and .^cott nor that of Bruni and Romani

at present gives a satisfactory explanation for these fine differences in ac-

celerator action which have a constitutional basis. Both theories, moreover,

are deficient in that thev fail to explain the accelerating action of nitroso

compounds. Little experimental work has been published concerning these

compounds, since on account of certain undesirable properties they have been

unpopular for technical use. They are poisonous in their action on the skin

and discolor the vulcanizates in which they are used. Their accelerating

action was discovered bv S. T- Peachey, who first used para-nitrosodimethyl-

aniline and its homologs, later p-nitrosophenol and the nitrosocresol,^®^

and finally nitrosobenzene.^®® They are activated by zinc oxide and mag-

nesium oxide,*®’’ although with litharge*®® their activity is materially’ de-

creased. With regard to the reaction mechanism of the nitroso compounds,

Scott and Bedford *®® believe tliat their polysulfide theory
_

may be applied,

since p-nitrosodimethylaniline can be reduced to p-aminodimethylaniline by

hydrogen sulfide, and since hydrogen sulfide is formed in a rubber mixture

during vulcanization. H. P. Stevens *®® had already observed, however,

that this explanation, which had been offered at an even earlier date, could

not be correct, since although para-nitrosophenol acts as an accelerator, its

India Rubber J., 64, 75 .VS’Z'i. Ger. Pat., 328,611 (1920).
i™/. Soc. Chem. Ind., 41, S6 (:922). "“Brit Pat., 136,716 (1919).

India Rubber J., 63, 1=2 "“Peachey, 7. Soc. Chem. Ind., ‘*24 (191/1

India Rubber World, 7S, 143 ('.oaoi. "“ J. L. Rosenbaum, India Rubber J., 64, 4."

»=/. Soc. Chem. Ind.. 44. 549 (lOec). emen» JkA Emh Oiem.r 15, : /. Ind. Eng. Chem., 13, 125 (1921).

^Gtt. Pat., 323,088 (1920).
' India Rubber World, 62, 719 (1920).



THEORIES OF ACCELERATOR ACTION 331

reduction product, para-aminophenol, is completely inactive. Brtini and
Romani were just as unsuccessful in experiments in which they attempted

to prove that the activity of para-nitrosodimethylaniline and its homologs

fits in with their disulfide theory. They, too, were baffled by nitrosophenol

and nitrosobenzene, for the activity of which they could find no satisfactory

explanation. They considered it possible that the nitroso group adds to the

double bond of the rubber hydrocarbon just as nitrosobenzene does to un-

saturated compounds, e.g., safrole and eugenol, thus showing itself to be an
accelerator which acts not by activation of sulfur but on the rubber hydrocar-

bon itself. According to Scott and Bedford, para-nitrosodimethylaniline

gives rise to sulfur dioxide and hydrogen sulfide by reaction with sulfur,

so that this activation should be similar to that occurring in the Peachey
process (see p. 334). Bedford and Sebrell attributed the accelerating
properties of the nitroso compounds to their oxidizing properties, which
should cause a decomposition of the hydrogen sulfide formed during
vulcanization. All of these hypotheses require further proof. It can

be said that a satisfactory explanation of the activity of this class of

accelerators does not yet exist.

Summarizing the ideas generally prevailing on the theory of acceler-

ation of vulcanization, the following may be said :

It is assumed that accelerators transform the sulfur present in a rub-

ber mixture to an especially active form. The accelerator, whether in-

organic or organic, is supposed to act not as such, but to combine w'ith

the sulfur (in some cases after reaction with hydrogen sulfide produced
in the mixture) to form products which are capable of splitting utt the

actual vulcanizing agents in an especially active form, regenerating a com-
pound which is as effective in activating sulfur as the original compound.
In proving these theories, organic compounds have been allowed to re-

act with sulfur before mixing with rubber.^®^ It has thus been established

that certain substances become accelerators upon heating with sulfur.

When used without having been previously heated with sulfur, they
were not accelerators, since the temperature required for their reaction

with sulfur lay above that normally used for vulcanization.

The inorganic accelerators are supposed to act by forming metallic

salts with fatty acids and esters contained in the rubber resins. These
salts must be soluble in the rubber and in this condition are capable of

acting as sulfur activators. The same applies to organic accelerators

which require activation by metallic oxides. The fact that these organic-
metallic compounds require excess metallic oxide to make them powerful
accelerators is explained by assuming that the excess oxide prevents
the decomposition of the metallic salt by hydrogen sulfide formed in the

mixture or by other acidic products resulting from decomposition of

certain accelerators. If the decomposition of the metallic salt is not
absolutely prevented by excess oxide, it may' be assumed to be re-

generated by this excess oxide. According to certain information which
has been obtained,^®^ organic fatty acids contained in the rubber resin

increase the activity of organic accelerators in the presence of metallic

oxides by increasing the surface of the oxide, through chemical reaction,

making it react more readily with the accelerator, and thus developing
its full activity. The importance of the degree of dispersion of a metallic
m
m Giorn. chim. ind. applicata, 3, 351 (1921).

Ind. Eng. Chem., 13, 125 (1921).
i. Ind. Eng. Chem., 13, 1034 (1921).

iwBrit. Pat., 130,857 (1919).^ Cf., for example, B. G. Martin and S.

Davey, /. Chem. Ind., 44, 317 (1925).
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oxide may be seen from the fact that (contrary to the usual action of the

average zinc oxide), zinc oxide may act as a vulcanization promoter in

the absence of organic accelerators if a particle size of 0.15 ju, is not ex-

ceeded and its acidity is not greater than 0.1 per cent.^®® The reactivitv

of zinc oxide can be increased if it is not used in the calcined form but

as a hvdrate with 0.1 to 1.85 mols of water to 1 mol of zinc oxide.^^"^

While the previously described theories base the acceleration of vul-

canization on an acthmtion of sulfur, there are also theories which postu-

late that the accelerators act on the rubber itself. M. Le Blanc and M.
Kruger showed that the viscosity of a rubber solution decreases with

increasing dielectric constant, and that by addition of an accelerator it

suffers a further diminution. Similar observations were later made by

G. S. Whitby,^®® who found that the viscosity of a rubber solution iii

water-free benzene is perceptibly decreased by very small amounts of

organic bases. Similar investigations have led W. J. S. Naunton to a

method of quickly determining the vulcanization-promoting properties of

organic compounds soluble in benzene, hy determining their influence or.

the viscosity of a benzene solution of rubber. Substances which ac-

celerate vulcanization lower the viscosity of the solution. These obser-

vations led Whitby to believe that accelerators, insofar as they are

bases or produce bases on decomposition, form salts (soaps) with the

aciils of the rubber resins, which, as the alkali soaps, act as accelerator?

by increasing the degree of dispersion of the rubber. Twiss had al-

ready expressed similar views in regard to the accelerating action of

alkalies. In this connection there should also be mentioned the obser-

vation made by M. Kroger-®^ according to whom the rate of reagj^^re-

gation of raw rubber is considerably increased by addition of piperidine.

While a sample of pure rubber withstood a load of 10 kg. after K/o years

storage, similar test pieces containing piperidine, and aged under the

same conditions required a load of 17 kg. for the same elongation. It

is noteworthy that this action of piperidine on the rubber is opposite t«.

that observed on rubber in solution.

The last-mentioned hypothesis of Whitby, although in opposition to

the purely chemical theories of accelerator action, is based to some

extent upon the peculiar colloid chemical properties of rubber. H.

Feuchter’s attempt to explain the process is still more elaborate. In

contrast to Bedford and Bruni, who divide the accelerator action into

three stages, (polysulfide or disulfide formation, splitting off of active

sulfur, combination of sulfur with the rubber), Feuchter assumes in his

ortho-tliiozonate theory a single vulcanization reaction in which the

formation of a compound (by chemical valence forces) of the crystal-

loidal solid phase of any of the accelerator classes with the colloidal rub-

ber phase takes place through thiozonide sulfur. It is assumed that for

the acceleration of vulcanization, two substances must be present. These

are denoted by Feuchter as the “accelerator" (with acid function) and

the “activator" (such as a salt-forming oxide or a base). These form the

“accelerator system."" The “carbosulfhydryls,"" which correspond to the

carbosuifhydryl-polysulfide accelerators of Bedford and Scott, can serve

“Brit. Pat., 213,454 (1923).
«Brit. Pat., 239,173 (1923).
“Z. EleUrachem., 27^ 335 (1921).

India Rubber World, 69, 795 (1924).
** /. Sac. Chem. Ind,, 44, 243 (1925).

Ind. Em». Chem., IS, 1008 (1923).

J. Soc. Chem. Ind., 36 , 782 (1917).

^ Gummi-Ztg., 40, 2429 (1926).
^ Kolloidchem. Beihefie, 20, 90 (1924). C/.

Kratz, Flower, and Coolidge, Ini. Ew§.

Chem., 12, 321 (1920).
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2S
'‘accelerators” and with zhic oxide as “activator” form the mercaptides

for the vulcanization reaction. The “carbohydroxyls” (alcohols, alde-

hydes, carboxylic acids) can also serve as “accelerators” with activators,

stich as the alkali hydroxides, magnesia, ammonia and its derivatives,

and lead oxide. Furthermore, Feuchter differentiates between “simple”

and “multiple-activated” acceleration. “Simple” acceleration proceeds

throiwh the formation of accelerator thiozonides by the action of salt-

like combinations of accelerator and activator on the sulfur, after double

dissociation of the reaction components has occurred.

R— S // S — SR
I
+ Sx — Sv\ —> ~S<i -f' Sv— Zn S — Zn —

The primary thiozonide, on further reaction, yields the secondary

tliiozonide,
S — SR RS

I
S — SR

^S< +RSZn— > >S<
S — Zn — Zn

I
S — Zn —

which forms the vulcanizate on reaction with ''polyprene.'’

Zn —

\ /
RS

1
S — SR CH— CH

>S< + I I

_Zn
I

S — Zn— CH— CH
/ \

S /
RS i CH — CH

> S < I IRS— S ’ CH — CH
Zn— \

This “simple’’ acceleration can be increased by metal oxides or aniine>.

The “multiple-activated” acceleration is explained by Feuchter on the

principle of “multiple atomic loading.” The potential activators such

as zinc oxide, magnesia, amines, etc., are supposed to fix the thiozonate

and form the extraordinarily reactive ortho-thiozonates of the type

^C—

S

>s
O— s

> Zn

> Zn
Zn — O

which are the real accelerators of the multiple vulcanization acceleration.

With zinc mercaptide as the accelerator system and zinc oxide as the

potential activator, a reaction scheme such as the following results

:

S
^ C— S > Zn

\L -o
-Zn

+

S

\
s

ZnO

+
\ /
CH— CH

inc mercaptide

S
> Zn— O

Zn %Zn CH-CH
o

.

^
'"^polyprene bridge^'

-.>s

C— S /-N > Zn
\L -o

— Zn > Zn
— P

irnzf ortho-thiozonatc

I \
~S /-N S —

>s<-Zn V-/ S—

CH-

CH-

/
-CH

CH
/. \

viilcamsaie
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The "Y-^olyprene bridge” is a part of Feuchter’s rubber molecule “whitT
consists of a large closed ring, the individual members of which are
membered carbon rings which are bound doubly at opposite sides by
carbon atoms of the polyprene bridge.” The vulcanizate consists of the
accelerator components and the polyprene components bound too*ether
by valence bonds. The accelerator components, in accordance with their
salt-like nature, form an extremely fine solid network, a crystal-net
while the polyprene components remain in a highly viscous condition'
This crystalline network of the accelerator component is supposed to

correspond somewhat to the crystalline phase of ordinary gels. How-
ever, because of the restrictions on crystallization, imposed by the hio-lilv

viscous polyprene mass in the crystal-net of the vulcanizate, a much
higher amount of potential energy remains as an inner tension, which
manifests itself externally as elasticity.

With regard to their technical activity, the organic accelerators mav be
divided into the four classes listed below.-®^

1. Ultra-accelerators. Examples: dithiocarbamates and xanthates used
with zinc and zinc oxide. Vulcanization temperature : coiisideraldv

below 100" C. Vulcanization period: a few minutes.

2. Rapid accelerators. Examples : diphenyl- and di-o-tolylguanidines, thi-

iiram disulfides. Vulcanization temperature: above 100° C. up to

about 140^ C. Vulcanization period : 20 to 40 minutes.

3. hlodcraie accelerators. Examples : aldehyde-ammonia, hexamethylene-
tetramine. Vulcanization temperature: 142® C Vulcanization period:
approximately 60 to 90 minutes.

4. Slo’tAy acting accelerators. Examples: thiocarbanilide, formaldehyde-
aniline, triphenylguanidine. Vulcanization temperature : 142® C. Vul-
canization period : approximately 90 to 120 minutes.^®®

Other Kinds of Vulcanization

The Peachey Process

In an investigation of the behavior of rubber with various forms of

sulfur, S. J. Peachey and A. Skipsey found that the type of sulfur
formed momentarily by reaction of sulfur dioxide and hydrogen siilficle

cornbines quickly with rubber at room temperature, bringing about vul-

canization. It is to be noted, however, that the vulcanization takes place

only if the reaction of the gases occurs in the immediate presence of the

rubber hydrocarbon. The sulfur is active only at the instant of its for-

mation and Peachey and Skipsey assumed, therefore, that the activitv

of the sulfur is due to its atoniic condition. Bedford and Sebrell-^'^

believe, on the other hand, that the intermediate formation of trithio-

ozone is the important factor.*

=** F. Kirebbof, “Fcrtschritte der Kautschuk-
TechBoIogie,” p. :34, Dresden, 1927.

^See also p. 368, and ‘‘T?chr.:ca! Data on
Accelerators/’ by N. A. Shepard and J. E.
Whittenberg in, “Tbe Var.'derbilt Rubber
Handbook,” p. gg, R. T. Vanderbilt Co..
New York, 1932.

** J. Soc. Chem. Ind., 40, S (1921).

^ J. Ind. Eng. Chem., 14, 29 (1922).
* Translator’s Note. According to recent

studies of P. Bary {Rev. gen. caoutchouc,

8, No. 71, 25 (1931)] the vulcanization of

rubber with SOa and HaS depends upon tk
high state of dispersion of the sulfur in tk
rubber and not upon the formation of col-

loidal sulfur.
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The new process, which has found commercial application, is carried

mt by exposing the already-formed rubber articles alternately to hydro-

gen sulfide and sulfur dioxide. The gases diffuse into the rubber easily

and produce the highly reactive form of sulfur. According to Peachey,

the vulcanizates
obtained are entirely equivalent, with regard to mechan-

ical properties, to those obtained using the hot vulcanization methods.

They are even superior to the latter, since in this type of vulcanization

tk disaggregating effect of heat is entirely avoided. The process, which,
however, is applicable only to thin rubber articles, is conducted commer-
cially as follows : the rubber or the rubber mixture is exposed for 10

minutes to the action of sulfur dioxide gas. A brief exposure to air fol-

lows to remove the gas adsorbed on the surface, and then the article is

exposed for 20 to 30 minutes to hydrogen sulfide. An advantage to be
emphasized in the use of this process is the fact that organic pigments,
coal-tar dyes, or natural dyes such as chlorophyll, which suffer decom-
position by heat or by the action of sulfur chloride, can be used in rubber
compounding. Peachey arid Skipsey showed that the new process might
also be used for vulcanization in solution. If rubber solutions in benzene
or gasoline are saturated with hydrogen sulfide and then mixed with a

solution of sulfur dioxide in the same solvent, gelation occurs in a few
minutes, and well-vulcanized rubber remains after removal of the sol-

vent by evaporation.

A process which probably depends on reactions similar to those which
occur in the Peachey process has been patented by the Societe Fran-
^mise du Caoutchouc Mousse. A cold vulcanization is claimed to result

on treatment of rubber or rubber solutions with hydrogen sulfide and
dilorine, if desired, with the addition of accelerators and pigments.

Use of Nitro-Compounds and Peroxides

It is only natural that maii}^ attempts have been made to discover sub-
stances which can replace sulfur as a vulcanizing agent. J. Ostromislen-
sky has been the principal investigator in this field.^^® He sought com-
pounds which, like sulfur, are capable of oxidizing ethylene derivatives
or of adding to double bonds, and the physical constants of which cor-

respond to those of sulfur. He believed that he had found such sub-
stances in the nitro compounds, and reported that various nitro com-
pounds could vulcanize synthetic rubber or natural rubber even more
easily and more quickly than sulfur. He declared that the properties of

the products thus obtained were essentially the same as those obtained
by vulcanization with sulfur. The vulcanization experiments included
the use of nitrobenzene, di- and trinitrobenzene, tri- and tetranitronapli-
thalene, picramic acid, picric acid, picryl chloride, artificial musk, nitro-

cvclohexane, etc. It appeared that no relationship existed between the
capacity of the substances for adding to a double bond and their vul-
canizing ability. For example, picramic acid adds to ethylene derivatives
^uch more readily than other nitro compounds, while in vulcanizing
ability it is surpassed by most of them.
Rubber can be vulcanized most easily in the presence of 1,3,5-tri-

nitrobenzene, followed by dinitrobenzene, nitrobenzene and tetranitro-

French Pat, 559,346. Russ. Phys. Chem. Soc., 47, 1453, 1462,
1467, 1885, 1898, 1904 (1915).



I^I LCAXIZATION OF RUBBER

riisatisfactory results were obtained with picric acid

picryl chloride, while with tetranitromethane a vulcanization could not

!)e brought about. Similarly, triphenylmethane and diaminotriphenvl-

iiiethaiie failed to cause vulcanization, although the ease with which thev

add to double bonds is known. Ostromislensk}^ concluded, therefort\

that the possibility of vulcanization wnth nitro compounds depended on
the ability of an active oxygen atom of the nitro group to add to the

ilMiible bond, since the nitroso and iso-nitroso compounds do not act as

vulcanizing agents for rubber. With regard to the mechanism of the vub
canization, Ostromislensky made the following representation

: It be-

gins with a chemical reaction, whereby very small amounts of rubber
react with the vulcanizing agent, these small amounts being indispensable

to the success of vulcanization, however. The further course of the vul-

canization is a physical reaction between the small amounts of changed
rubber and the unchanged portions. The process occurs in two steps,

therefore: (1) in which a chemical reaction of a small amount of rubber

occurs and (2) in which the adsorption or swelling of the unchanged rub-

Ijer in the reaction product of the first step takes place (see p. 299).

Ostromislensky established in addition, that metallic oxides which
promote vulcanization with sulfur, perform the same service for the

nitro compounds. They may be listed in the order of their activity in

this process, as follows: litharge, zinc oxide, lime, magnesia, bariiini

o.xide
;
litharge being the most active. In contrast to their action in sulfu:

vulcanization, mixtures of primary and secondary amines retarded vul-

canization with nitrobenzene and reduced the technical value of the

vulcanizates.

If Ostromislensky’s picture of the process is correct, i. e. that an active

oxygen atom of the nitro group is the important factor, then rubber

should be capable of vulcanization with peroxides also. The investi-

gator claimed this to be the case, since the vulcanization proceeded more
easily and more quickly with benzoyl peroxide than with sulfur or the

nitro compounds. The metal oxides were of no value in this case, being

even detrimental. Organic accelerators and mixtures of metal oxide>

with amines retarded vulcanization with peroxides. In place of benzoyl

peroxide, perbenzoic acid may be used, but barium peroxide is unsuite.l

for use as a vulcanizing agent, since it splits off oxygen with sufficient

velocity only at high temperatures.
Ostromislensky" went still further and investigated the vulcanizatiun

of rubber with molecular oxygen, ozone, and the ozonides of organic

compounds. With the aid of ozone or rubber ozonide he produced hard

:r s..f: rubbers, depending on the concentration of the vulcanizing sub-

stance. Moreover, by long action of ultra-violet light on pure rubber in

dry air, a gradual vulcanization was found to occur. The process pru-

ceeded more rapidly at 40^ to 80^ C., while at 120° C. the rubber became

oxidized and was transformed to a sticky, viscous mass. Ostromislensky

also recorded the observation that damp rubber became coated in air with

a slightly elastic substance which, if milled into the rubber on cold rolls,

followed by heating with exclusion of air, caused a vulcanization of the

unchanged internal portions of the mass. When this surface layer was

removed before milling and heating, the rubber did not vulcanize.

Naturally, these communications by Ostromislensky aroused the inter*
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j uf rubber technologists, and corroboration of his claims was desired.

;

Vp, Stevens was the first to undertake this task. He carried out
’xperiments with di- and trinitrobenzene, as well as with benzoyl perox-
le! With the first-mentioned substances he succeeded in producing
wisfactory results only when litharge or magnesia were included in the

.
4ber mixture. With regard to their physical properties, the products

; ere of comparatively inferior quality. The best vulcanizates, though
i ways inferior to the products obtained with sulfur, were obtained

I
"itli'a mixture containing trinitrobenzene 4 parts, rubber 100 parts, and
iiharge 8 parts. On the other hand, the products obtained with benzovl
Iroxide resembled those in which sulfur was used, with regard to

iiysical properties. The amount of benzoyl peroxide required for com-
plete vulcanization of the rubber was very nearly equal to the amount

sulfur required, but the vulcanization with the former material pro-

wecled more rapidly than with the latter. Complete vulcanization was
“cached with benzoyl peroxide (4 to 6%) at 130° to 150° C. in 10 to 15

dilutes, whereas with 5 to 6 per cent of sulfur the vulcanization had
warcely begun in so short a period, and the complete vulcanization re-

aired 2 to 3 hours.^'

A criticism of Ostromislensky’s work is, that the degree of vulcani-

lation attained with the nitro compounds or peroxides was not estab-

;

.ished by determination of the mechanical (physical) properties of the

,nlcanizates. Instead, the extent of vulcanization was recorded only by
iich expressions as “incomplete,” “nearly complete,” “complete,” etc.

This gap was filled by E. Bunschoten,^^^ who made possible for the first

:nne an evaluation of the new method of vulcanization. Like Stevens,
Tunschoten failed to obtain satisfactory results with mixtures of raw rub-

tr and nitro- or metadinitrobenzene in the aijsence of metal oxides. After
.iilcanization periods of 30, 60, and 90 minutes in an oil l^ath at 147° C., the

roduct was not in the least vulcanized and was soluble in benzene,
fixtures containing 100 parts of rubber, 4 parts of dinitrobenzene and 1

jartof “Accelerene” or acetaldehyde-ammonia did not appear to be vul-

.anized after heating for periods of 1, 1)4, 2, 2)4, and 3 hours at 147° C.

However, in the presence of metal oxides, phenomena occurred which
vrerevery similar to vulcanization. Slowly vulcanizing crepe and rapidly^

ulcanizing sheet rubbers were used. The mixtures consisted of 100

parts of rubber, 8 parts of litharge, and 4 parts of nitrobenzene. The vul-

I :aiiization temperature in the autoclave was 147° C. The data obtained

I
ve given in Table 13.

Table 13.— Vulcanization ivith Nitrobenzene.

Smoked Sheets
Time of Tensile Elonga-

vulcanization strength tion
in minutes kg./cni.“ per cent

30 0.5 697
45 1 4.5 982

,
60 20.4 906
90 35.8 825
120 27.8 874

First Latex Crepe
Tensile Elonga-
strength tion

kg./cm."
^

per cent

Not sufficiently vulc.

10.4

22
610
704

Soc. Chem. Ind., 36, 107 (1917).
mnslator’s Note. The vulcanization of rub-
'll* with benzoyl peroxide has recently been
retovestigated. An explanation of the mech-
amsra of vulcanization with benzoyl peroxide

has also been attempted. See, Van Rossem.
Ddkker and Prawirodipoero IKautschuk^ 7,

202-204, 220-223 (1931); Rubber Chem.
Tech., 5, 97 (1932)].

^Kolloid-Z., 23, 25 (1918).
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had Mccnrrc(h therefore, even thoU!L!:h the tensile s

was cmisiderahly lower than that funnel in vulcanizates C()ntainin<^ Miihr
As ! !v.' at'-rf^arance and by the shape of the stress-strain ciirve< ’*

was rec- I'nai ail the vulcanizates Avere of an imder-vulcanizVf’'

character^ They were insoluble in benzene, though they swelled greatlv

It is of interest that smoked sheet rubber which vulcanizes more rapidk
with sulfur than do the other rubbers, showed the same behavior in thf;

and the following experiment.

Ill a second series of experiments in which m-dinitrobenzene was ii>e’

in place of nitrobenzene, products were obtained which no longer ex-

hibited the property of swelling in benzene. They possessed the physic^;

properties given in Table 14.

Table 14.

—

riilLa}ii::ation zciff

Smoked Sheets First Latex Creoe
Time of Tensile Elonga- Tensile Ell inti

vulcanization strength tion strength tinn

in minutes kg., cm.' per cent kg. /cm." per ce

10 103 798

15 105 737 82.5 742
25 87 663 79.5 675
30 92 741 86 742
45 62.5 662 73.5 641

m 51 640 73.5 629
75 52.5 616 74 622
90 39.5 515 59.5 603
120 13.4 352 58 612

Further experiments showed that increased concentrations of dinitn-

benzeiie and litharge resulted in increased rates of vulcanization. Hightr
temperatures produced the same effect, just as in vulcanization with srA

fur. On the contrary, the temperature seemed to have no effect on the

mechanical properties of the viilcanizate. It was conclusively shown,

that the new process could in no case replace vulcanization with sulfur.

The mechanical properties of the dinitrobenzeneditharge vulcanizates

are impaired so quickly that a practical application is not to be con-

sidered. After one month's aging, Schopper test rings of vulcanizates

containing dinitrobenzeiie and litharge, which originally had a tensile

strength of 40 kg. cm.- could be broken easily by hand. These phenomena
do not appear to be due to oxidation, since the acetone extract had in :

increased after six months' aging, and the products also remained in-

soluble in benzene. Bunschoten was not able to produce hard rubber by

this iiietliod.-^^ In order to investigate Ostromislensky's hypotlie-is

that his process of vulcanization was based on oxidation, Bunschoten

mixed into rubber various inorganic oxidizing agents, including arseiiie

acid, potassium persulfate, chloride of lime, potassium bichromate, putas-

siiim periiiangaiiate, potassium chlorate, potassium nitrate, sodium

nitrate, pyroliisite, and potassium ferricyanide. He used four grams m
each of these per 1(X) grams of rubber and vulcanized the mixtures thr

one-half hour and one hour at 147^ C. in an oil bath. All the experimeIlt^

resulted in products similar to slightly vulcanized rubber, but all these

products dissolved after standing a few days in benzene.

H. L. Fisher ami A. E. Gray lind. Eng. compounds and benzoyl peroxide has no is-

Ciiem., 20, {l92S'i j were able to show fluence on the unsatui'ation of the ruwt
that the i/’ with polynitro- hydrocarbon.
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Bunschoten’s investigations of the Influence of nitrobenzene and

Minitrobenzene on the viscosity of rubber solutions are of interest. With
gram of rubber and 400 mg. of dinitrobenzene in 100 cc. of benzene,

*he viscosity decreased greatly when the solution stood in daylight. On
standing in the dark, however, the viscosity rose. If such a solution was

Lated, the viscosity increased, but in the light it again decreased rapidly.

Xnkzniza,tlon with dinitrobenzene appears, therefore, to have an influence

nn the degree of aggregation of the rubber. Whether the discovery of

i>tromislensky can be called true vulcanization or not, in view of the

’crv rapid decline in the mechanical properties of the product, remains

•indecided according to our present knowledge of the subject. F. Kirch-

calls the products, ''pseudo-vulcanizates.”

Use of Selenium

Since Ostromislensky had tried to substitute oxygen or oxygen-con-

taining compounds for sulfur, it was logical to determine whether the

Jiilfur-like element, selenium, had possibilities as a vulcanizing agent.

C. R. Boggs undertook to do this, and established the fact that amor-

dious selenium in the presence of accelerators yielded a vulcanizate in

about twice the usual period of time required with sulfur at 135*^ C. The
uoducthad the same tensile strength and elongation as obtained with sul-

riir. It showed no irregular behavior with regard to electrical properties,

but appeared to resist deterioration by aging better than the vulcanizate

obtained wdth sulfur. I. Williams checked these results and estab-

lished, furthermore, that selenium by itself is almost completely insoluble

in rubber. This is partly due to the fact that its high melting point pre-

vents it from being melted and introduced into the rubber in this way.

On the other hand, when melted with sulfur, with which it is miscible

in all proportions, it forms a eutectic mixture, melting at 106° C., contain-

ing 40 atomic per cent of sulfur. Such mixtures may be easily incorpo-

rated in rubber. The experiments proved that, when used with sulfur,

selenium behaves as an accelerator, only small percentages combining
with the rubber. Used alone, selenium produced no vulcanization, but
in the presence of organic accelerators, brought about good vulcani-

zation. Williams was undecided whether it acted only as accelerator, or

whether it exerted a specific action. That the latter alternative is to be
preferred was shown later by Bierer and Davis,^^'^ who found that small

amounts of selenium in mixtures containing reclaimed rubber increased

the abrasion resistance considerably.* A mixture was used containing

46 parts of smoked sheets, 10 parts of reclaim, 21 parts of carbon black,

13.5 parts of zinc oxide, 5 parts of mineral rubber, 1.5 parts of mineral oil,

2 parts of sulfur and 1 part of ethylidine-aniline as accelerator (mixture
A), A second mixture fBJ was made in which the sulfur was raised to 2.5

parts; a third (C) contained 0.5 part of selenium added to the basic recipe;

while the fourth (DJ contained 1.25 parts of selenium. Vulcanization was

“Fortschritte in der Kautschuk-Technologie/* India Rubber J., 71, 565 (1926).
p. 90, Dresden, 1927, * Translator’s Note. See also, H. Rimpel,

Ind. Eng. Chem., 10, 117 (1918). Kautschuk, 7, 94 (1931); W. Esch, Ibid., 7,
Eng. Chem., 15, 1019 (1923). 190-194 (1931).
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carried out at 142™' C. The relative values for resistance to abrasion a-p
tri veil in Table 15.

Taeli: \T,-~-!nfliii'ncc of Selenium ou Al)rasion Rcsista'Acc.

\'*:Icaiiizati! .:i

Thiie ill Alixture
Minute ? A R C D

34 48 81 0,,

30 57 63 89 97
45 64 72 QO 86
6!] 63 72 72

The use of seleiiiiiin has reached a certain importance in the manufactim
u: rubber .q'oods because of this property.

A pnssible explanation of the improvement of the abrasion resistance rv
selenium has been offered by F. Kirchhof,-^^ who states that in his experiment
with ‘Abindexf’ a commercial selenium preparation, an addition of 1.5 pe-
cent of the substance hardly altered the density of an unvulcanized mixture.
The density of the vulcanizate was raised 2 per cent by such an addition. Or
the other hand a contraction in volume or increase in density of 0.5 per ceir

was observed on vulcanization of a similar mixture containing no selenium
It appears from this observation, therefore, that the improvement in abrasioii

resistance is connected with an increase in compactness of the rubber com-
pound under the influence of the selenium.

Use of Selenium Moxochloride and Sulfur Thiocya.xate

Attempts have been made to replace not only sulfur which is used for hot
vulcanization, but also the extremely disagreeable and unhealthy compoiiiK:.
sulfur monocMoride, which is used for cold vulcanization. H. Klopstock-^®
e-tabli.died the fact that selenium and tellurium halides add to the doiihie

boiud, and that selenium monochloride induces precipitation of rubber fron:

its sointi. jiis. M. Le Blanc and M. Kroger —o ^g^d a solution of sulfur dithio-

evanate. nr when necessary with the addition of sulfur monothiocyanate an !

tree thincyanogen. The free sulfur dithiocyanate S(CNS )2 is obtained Iv
rlecompodtion of potassium thmcyar.ate with sulfur dichloride. Since tlrh

compound is only sHghtlv soluble in carbon disulfide, a mixture of sulfur

mnnothiocyanate CXS^.. and sulfur dithiocyanate is used. According
the statements of the investigators, the vulcanizate is distinguished from tho-t
rditained with sulfur mono- or dichloride by greater durability.

Physical A^ulcanization

hiirtlier attention is directed to a phenomenon which Le Blanc and Kro-
' call physical vulcanization. They observed that raw rubber at a low

temperature l-oO'" C.i shows an elastic behavior similar to that of vulcan-
ized riilifier at room temperature. In the case of raw rubber, for each stretch-
ing temueraUtr? thc^e corresponds a definite contraction temperature fat

whic:: ::'.c r.-T.gc;::, t: practically completely recovered). Thus for a
stretching temperature of -30° C., a temperature of about -f-

10° C. is the

contraction temperature. Within this temperature interval a certain rigidity

prevails. On vulcanization, this interval is progressively decreased, until the

42, 529 (1927).
*^sGer. Pat. f 260,916 (1913).

»0Ger. Pat., 408,306; 409,214 (2925).“ 33, 267 (1923); 37, 205 ( 1926).
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r'lijlv
vulcanized condition is reached when it has disappeared entirely. Le

kanc and Kroger believe that the combination of the rubber with the sulfur

Serves only to make the characteristic properties of raw rubber existing at

C. capable of existence at a higher temperature. These hypotheses

ue concerned only with the physical aspect of vulcanization, the irnportance
’

which can not be ignored, but they do not concern the other changes which

riiw rubber undergoes on vulcanization.

The investigations of H. Pohle are concerned with similarities of the

winforcing action of carbon black with the vulcanizing action of sulfur. Just

is one may, with a rubber mixture having a high content of sulfur, raise the

tensile strength and hardness of the yulcanizate through longer vulcanization

one may also increase these properties by increasing the content of carbon

black. To be sure, much larger amounts of carbon black are required than of

sulfur. The amount of gas black required depends on the degree of dispersion,

riiice the more highl}' dispersed the black is, the more closely it approaches the

action of sulfur. The same criticism applied above to the experiments of Le
Blanc and Kroger, applies here also. It may be added, however, that without

ioiibt the strengthening action is explainable by surface forces, since accord-

ing to recent theories they are of great importance; for example, in the

lubrication of surfaces in contact with each other.

In conclusion, the treatment of rubber with halogens and halogen com-
pounds may be mentioned. Ostromislensky 223 believes that vulcanization

may be possible here also. He reports that bromine and iodine change rubber

t..an ebony-like substance and that one can effect vulcanization of rubber by
rreatment with rubber chlorides, bromides, and iodides, with cauprene chloride

:md bromide, and with rubber hydrochloride, but not with aluminum chloride.

Ostromislensky worked raw rubber rolled out in thin sheets with the vul-

:anizing substances on cold rolls, and then heated the homogeneous mixture
:n iron molds in the absence of air. By using the rubber halides he obtained

no soft rubber products, but on the contrary fairly hard ones. By using

rubber hydrochloride (1650 parts to 100 of rubber) he is supposed to have
produced a product which at about 150*^ C. possessed all the properties of soft

rubber. In this work, as in that reported previously {see p. 337), no exact
lata on the mechanical properties of the products obtained were given. Hop-
kinson'--"^ has found that chlorination of rubber which was precipitated from
latex on kieselguhr, could be used to obtain hard rubber-like masses, which
could be molded in forms, either with or without addition of rubber or

naphtha, etc., to form rubber articles. A process of T. A. Edison,"^^ in which
crepe rubber cut in thin strips is treated in suitable vessels with dry chlorine

and carbon tetrachloride vapors, is carried out similarly. The soft, syrupy
mass which is formed is washed with water to remove hydrochloric acid,

and a mixture of this chlorinated rubber and naphthalene is formed into

sheets under heat and pressure. The formation of hydrochloric acid is evi-

dence that the chlorination is not comparable to vulcanization. Vulcanization
is, as far as it may be considered a chemical reaction, an addition reaction,

while by the action of chlorine on rubber, substitution as well as addition, and
possibly even cyclization, take place. The so-called vulcanizates are hardly
tote compared with hard rubber, therefore; much less with soft rubber, in

which the molecular condition is of so great importance for the physical

properties.

KdMd-Z., 38, 75 (1926); 39, 1 (1926).
/. Russ, Phys. Chem. Soc., 47, 1898 (1915).

224 Brit. Pat., 201,898 (1923).
22SU. S. Pat., 1,495,580 (1924).
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Altlioiigli the investigations for the purpose of replacing sulfur or sulfur

nioiiocliloride are interesting, since they widen our knowledge of the behavior

of rubber, none of them except the Peachey process has been put forth on a

cummercial basis. It remains uncertain in the present state of our knowled^^e

concerning them, whether any of these processes, particularly those of Ostro-

mislensky, exactly parallel real vulcanization, for the products obtained, aside

from their physical properties, differ markedly in other respects from true

viilcaiiizates isce footnote p. 338 j.

Regeneration and Replasticization of Vulcanizates (Reclaiming)

By regeneration (reclaiming) is meant the conversion of rubber which has

already been converted into vulcanized goods and used as such, into a crude

rubber-like condition in which it is suitable for the manufacture of new goods,

either alone or with new rubber. As long as one interpreted vulcanization

exclusively as a chemical reaction, without considering the molecular condi-

tion of the rubber, it appeared self-evident that a complete desulfurization of

once vulcanized material and thereby a recovery of crude rubber (i.e. a true

regeneration j must lie within the realm of possibility, since all chemical re-

actions are reversible. However, numerous attempts to extract the chemically

coniljiiied sulfur of vulcanizates and to arrive at a practical, useful materiai

have so far been unsuccessful. Of the various methods which have been

fedlowed to attain this goal and which after all have led to interesting result?,

althtiugh only in a scientific sense, the procedure used by C. Harries mav
be followed as an example. He covered sheeted-out old rubber with chloro-

form, saturated the latter with hydrogen chloride, and separated the chlu-

roforni-soluble hydrochloride. By heating this with pyridine or other strong

organic or inorganic bases, he obtained a sulfur-free regenerate. However,
decomposition of the ozonide of the regenerate showed that a deep-seated

change in the material had taken place during this regeneration. A shifting

nf tlie double bonds in the molecule had occurred, and the product obtaiiieii

was nut identical with rubber but only isomeric with it. Such regenerate?

may be actually vulcanized in sheet form, but only very unsatisfactory valuer

are obtained in physical tests, so a practical application of the products ob-

tained in this way appears to be out of the question. Today, it can be con-

sidered a certainty that the chemical combination of sulfur is an essential,

but not the only important factor in the vulcanization of rubber. The me-

chanical properties of the vulcanizates are influenced much more by the

molecular condition of the rubber. Therefore, inasmuch as a complete de-

sulfurization of vulcanized rubber should lead to practical useful products, a

way must first be found which makes possible the removal of sulfur in the

iiiiklest manner; i.e., without changing the constitution of the rubber liydro-

carbiiii, and without essentially reducing the degree of aggregation. To

flate, however, there has not yet been discovered the catalyst, which per-

mits the desulfurization without the use of heat, pressure and strong siilfur-

reniuving materials. This problem, which is unquestionably of great ini-

purtaiice with regard to the explanation of vulcanization, therefore, remain?

unsolved.

The reclaimed rubber used in the rubber industry to the greatest extent

consists of rubber in the vulcanized condition. We are content to convert

the scrap into the form so essential for the rubber industry, a plastic condi-

tion, and extract from it at this point undesired substances contained in it, as

2-MBer,, 46, 733 ( 1913).
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^vell as the free sulfur. How this is accomplished, and whether only the

p%5ticization
or the removal of impurities also is desirable, depends chiefly

r'poii the kind of scrap used. As raw material for the manufacture of re-

dainied rubber, automobile tires, inner tubes, and rubber shoes, i. e., articles

with and without fabric insertions, are chiefly used. Corresponding to the

dfferences in scrap, the reclaiming processes may be divided primarily into

two different groups. The first includes those processes in which fabric-

free scrap only is plasticized, while the other includes those processes in

idiich a separation of fabric or other added substances from the rubber is

accomplished in addition to the plasticization of the rubber. The most im-

^rtant preliminary operation in both classes is a careful sorting of the scrap

.Wording to kind and quality, since the final product is largely dependent on

the scrap used.

Purely plasticizing processes are employed: (1) for working up high-grade

jcrap which is free from fabric at the beginning, and (2) for working up scrap

which has been freed from enclosed substances by the mechanical separation

processes to be described later.

The plasticization takes place during the heating of the finely divided scrap

in an autoclave under pressure, with or without the addition of softeners.

Thus, according to the Gare process, which is carried out without softeners,

die rubber waste is fused together at a fairly high temperature ( about 200"^ C.

}

under pressure. A homogeneous mass is produced, which may 1)e molded
directly to form rubber articles. When softeners are used, the finely divided

and swollen (in the softener) scrap is heated in an autoclave under pressure.

As softeners, high-boiling liquids are used
;
e.g., mineral, rosin or vegetable

ils, which remain in the reclaimed rubber, or plasticizing agents such as

turpentine, aniline, creosote, and phenol, which may if desired be recovered

with steam at the end of the process. With certain scraps such as inner tubes,

lieat treatment under pressure is not always necessary, as Penther has pointed

-ut. According to this process, the scrap is passed through tight, cooled mill

rids, whereby it actually falls to pieces at first, but on continued cold work-
ing reunites into sheets which, even if somewhat ''dry” for the manufacture
of new rubber products such as calendered sheets, are still useful. This

process found a wide use and rendered good service in Germany during the

World War, All such purely plasticization-process reclaimed rubbers are

also designated “Praparate” in Germany.
The processes employing a separation of fabric from scrap may be divided

primarily into two kinds. In one group belong those procedures by which
tlie cellulose is destroyed through chemical agents, or is transformed into

water-soluble compounds and then washed out. The second group includes

all those processes in which the fibrous material is preserved. Here the rub-

ber is separated from the fabric mechanically, or it is taken into solution and
tlie separation carried out by filtration or some other suitable method.
The processes of the first group may be divided as follows, corresponding

to the agents used for the destruction of the cellulose: (1) acid process, (2)
alkali process, and (3) neutral process.
The oldest acid process is probably that of Mitchell in which the ground

scrap is heated in an autoclave under pressure with sulfuric or hydrochloric
scid. In this way the fibrous material is destroyed, the rubber plasticized,

and the free sulfur and acid-soluble pigments are removed. (Later, the scrap

^Ger, Pat., 235,573 (1909). Dec. 13, 1881; 395,987, Jan. 8, 1889; Brit.

S. Pat., 249,970, Nov. 21, 1881; 250,943, Pat., 20,289 (1890).
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was heated at atniosplieric pressure with diluted acid or sodium bisulfate.

,

After this treatment, the acid is thoroughly washed out with water, and the

nihljer material is heated with steam under high pressure. Since it is ex-

tremely difficult to wash out the last traces of acid from the reclaimed rubber,

however, and the rubber is extremely sensitive to traces of acid remaining in

it, this process is being abandoned generally in Europe, since the only rem^edv

an alkali treatment following the acid. According to K, Gottlob,--® thi-

j)rrjcess is still frequently used in America.

fn the alkali process,^ finely divided scrap is heated with an 8 to 10 per cent

ctin>tic soda solution at 12 to 16 atmospheres pressure in order to free the

<cra]) from cellulnse. The action is the same as in the acid process; tlie celhi-

iose is broken down, the rubber is plasticized, and the free sulfur and alkab-

>olii1)le pigments are dissolved. According to F. Kirchhof,-^^ the process •-

usually carried out as follows

:

The finely divided scrap together with caustic is placed in a vessel which

is equipped with double walls and a stirrer through its axis. The inner vessel

is heated and agitated until the desired pressure is reached and the tempera-

ture corresnonrlinu to this pressure is then maintained by passing stean:

through t1:e '"=u:s:d.e shell After this heat treatment, the pressure is allowed to

drop to 2 atmospjheres, when the release valve of the inner vessel is opened aiic

the contents are forced out. The rubber is taken to settling tanks and washinn

Hollanders, next to centrifuges and finally to a drying system. In order tf*

remove bits of metal, high quality reclaimed rubber is still treated in straining

machinery, which may be either a tubing machine with steel screens to re-

tain metal while passing the reclaimed rubber or a vertical hydraulic pres-

I with a screening arrangement). The removal of the alkali by washing i-

as important in this process as is the removal of acid in the acid process.

AM G. Martin has shown that very small amounts of sodium hydroxirle

shorten the period of vulcanization considerably, while larger amounts ( over

0.5 per cent) have the opposite effect: i.e., they retard vulcanization until

wftli an addition of 5 per cent, vulcanization would no longer take place in

the mixture which was used,

111 tlie neutral processes the finely divided scrap is treated with sodium

-iilfite solution,-"- with heating and with or without pressure. The free sulfur

goes into solution, the fabric is destroyed, as is part of the pigment, and tlie

rubber is plasticized.

The American process described by T. Schopper,-^^ in which the scrap i>

treated with a solvent for cellulose, may be mentioned. The swollen cellulose

is not separated from the rubber, however, but remains with it. The mass

thus obtained is then reclaimed as usual and treated with steam. It is ex-

tremely doubtful whether the process which employs ammoniacal copper oxide

as the solvent for cellulose, yields stable reclaimed rubber or rubber goods, in

view of the notoriously detrimental effect on rubber of all copper compomuL-

which are attacked by fatty acids. It would be difficult to remove the copper

compounds from the reclaimed rubber completely. Soluble iron, copper, and

“TechnolojL(ic der Kautschiikw.iren/’ p. 120, claiming rubber with alkali, and thus repre-

Braunschweig, 1925. seats a major development in the rul>l»er
‘ Translator's .Vote. Most of the reclaimed industry.

ni! »f)er is ^tr'day man-’f:- -'tnrH by the alkali ^‘Fortschritte in der Kautscliuk-Technologie,”
}»r<»eess. The 1 ..-p i.'i:-:!.: for this process p. 144, Dresden and Leipzig, 1927.
was issued to A. Mark' in 1899 [U. S. Torrey, J. and Manders, A., “The Kuh-

Pat, 635,441, Octo!>er 17, 1899; Brit, Pat., ber Industry,” p. 205, London, 1914.
11,159 (1899)]. This patent was the first Cct. Pat, 112,017, 112,500, 150,271.
pateut ctneriijg a commercial method for re- Gummi-Ztg., 30, 325 (19161
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rmmntse compounds are well known to be oxygen carriers. They cause a

Zmd oxidation and therefore a premature deterioration of rubber articles

604).

The processes by which the fibrous material is also reclaimed may be

dassilied in two groups : (1) Solution processes, and (2) Mechanical separa-

tion processes. The fibrous material which is obtained can often be used only

for certain special purposes such as paper-board manufacture, because of its

4’iort fiber length.

The solution processes proceed in general by breaking down the vulcanized

rubber in the presence of solvents under heat and pressure. The pigments

and fibrous material are separated by filtration or other suitable manner,

and the rubber substance is recovei*ed from solution by distillation of

rhe solvent or by precipitation. The process devised by P. Alexander may
l,e considered as an example of this type of reclaiming process. The scrai3

is heated for several hours in a closed vessel with 3 or 4 times its weight of

benzine. The solution is separated from the undissolved pigments and fibrous

material and is then heated in a closed vessel with strong caustic soda solu-

tion, the benzine being recovered by steam distillation. The emulsion becomes
kluted with condensate from the steam. The impurities settle and are re-

moved. A filterable emulsion remains, from which the rubber may be pre-

cipitated, just as from latex, by addition of acetic acid or other acidic sub-

stances, including gaseous reagents.

In the mechanical processes, the fabric which has been separated from the

thick rubber articles by cutting, is disintegrated in either the wet or dry

condition by means of special machinery. The free fibres are separated from
tlie rubber by means of an air blast. The rubber is then plasticized Iw any of

the processes described.

The several varieties of reclaimed rubber are differentiated by the method
of preparation as follows : ‘‘Praparate,’’ Mitchell or acid process, alkali

process, and solution process reclaimed rubber. Appreciable quantities of

undevulcanized rubber scrap which is merely ground fine are also available

for use in compounding rubber for certain products. Aside from the fact

that such scrap is suitable only for hot vulcanization, it is further limited in

possible application, since it is not plasticized. Open-cured and molded rub-

ber goods which contain much ground scrap frequently show an undesirable

rough surface. In the manufacture of hard rubber goods, on the contrary,

hard rubber dust produced from hard rubber scrap is the most important
filler. It must first be painstakingly cleaned from sand and metal particles.

Hard rubber in which the rubber hydrocarbon is nearly completely saturated

with sulfur cannot be plasticized again
;
it is technically not reclaimable.

As was pointed out at the beginning of this section, reclaimed rubber may
he used alone or with new rubber in producing new products. On mixing
with sulfur and vulcanizing, it returns from the plastic to the elastic condi-

tion again. The conception which is generally held concerning the mechanism
i'f the reclaiming process has already been reported in the section on Vulcani-
zation (see p. 301).
Reclaimed rubber serves as a cheapener of rubber goods, especially in

times of high rubber prices. Its use under appropriate conditions does not al-

ways constitute an impairment of the product; in fact a good reclaimed rubber
is the full equivalent of raw rubber for many purposes and moreover, in

** Brit Pat, 14,681 (1905); 25.735 (1906).
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certain cases it effers advantages in factory handling. Under such circnip-
stances it would be an extravagance, from the standpoint of econonik^"
assuming the same i)rice for reclaimed and new rubber, not to use redaiinrv
rubber wherever it can replace new rubber without appreciable lowering of
quality and durability of the product This conclusion is based on the\r
that the reclaimed rubber is a domestic product, while new rubber must be
imported. The use of reclaimed rubber also serves as a regulator of the price
of rubber, since it lowers the raw rubber requirements. In this connection
the statistics for the rubber requirements of America in 1925 are interesting'

that being the year when the English governmental restriction plan of 192'?

I Steven-rn plan, see p. 15) which was designed to stabilize raw riibbe-

prices, tvirr.poi-arily raised prices to an extremely high level. The retaliador
of the American rubber industry is clearly expressed by the fiernres i-

Table 16.

Table 16.—American Reclaimed Rubber Requirements.
First Second Third

Quarter Quarter Quarter
Requirements : Tons Tons Tons

Reclaimed rubber 22,923 23,651 29,910
Raw rubber 87,642 95,771 91,534
Total requirements 110,564 119,422 121,444
Ratio : reclaimed ru!)ber/raw rubber 26.259^ 24.50% 32.80%

Fourth

Quarter

Tons

23,715

78.926

102,641

30.00^7

According to P. Alexander,-^® the American requirements in the year 1927
were: raw rubber 371,000 tons, reclaimed rubber 183,500 tons, so that al-

though raw rubber prices declined after 1925 the reclaimed rubber require-
ments did not.

Germany required 45,000 tons of raw rubber in 1927. The German re-

claimed rubber requirements are not available but P. Alexander believes that
some 4,300 tons of reclaimed rubber were used in that year. Accordiirdv,
the ratio of reclaimed rubber to raw rubber is 10 per cent and the reclaimed
rubber requirements compared with the raw rubber requirements appear to

be considerably lower in Germany than in the United States.-^°

^ 42, 2,796 (192S).
excellent discussion of present-day re-

claimmgr methods, t'Ogether with a bibliog-
tapiiy on the subject of reclaimed rubber is

to be found in Circular of the Bureau of

Standards, No. 393, entitled “Reclaimeil

Rubber,’* by A. T. McPherson.



Chemical-Analytical Testing Methods

By E. Kindscher*

Analysis of Crude Rubber

As stated in previous chapters, the crude rubber of commerce is not a

uniform chemical compound, but contains moisture, so-called ''rubber resins,”

proteins and mineral matter, in addition to rubber hydrocarbon. The quan-

tities of these non-rubber constituents vary with the botanical source of the

rubber, the age of the plant from which it is obtained, the method of prepa-

ration, and other factors. The rubber which now dominates the market

—

that from the Hcvea estates of the Middle East—is, as a consequence of the

high state of development of plantation technique, so uniform in composition

that chemical analyses by the user are seldom required. When it is necessary

to explain the small dififerences in behavior among the commercial plantation

rubbers,, a more thorough study than that which can be made by determining

the above-mentioned constituents, is generally required.

In the case of wild rubbers, varying quantities of earth, sand, wood and

lark are also present. The inclusion of such materials results from lack of

care in the collection of the latex and the primitive methods of preparation

used by the natives. In wild rubber is also to be found crude impurities, such

as large stones and pieces of metal, added presumaldy for the purpose of

increasing weight. Since these inclusions have no value and must be com-
pletely removed before the rubber can be used in manufacture, a careful

rnntrol of all deliveries of wild rubl)er is recommended. Accordingly, the

first object of the analytical study of such rubber is concerned with the quan-

tity of such worthless substances present. The next most important question,

in the case of wild rubbers, has to do with the amount of pure rubber hydro-

carbon, the valuable constituent of the crude product. The rubber hydrocar-

bon is usually determined by indirect analysis, there being no easily conducted

direct method which yields satisfactory results. After the sample has been

freed of coarse impurities, the naturally occurring non-rubber constituents

are determined, and the content of rubber hydrocarbon is calculated by
difference.

There is considerable variation in the technical value of the rubber hydro-

carbon present in various types of wild and plantation rubber. Factors in-

Siiencing this variation include the botanical source, the age of the plant, the

method of preparation of the rubber, etc. Evaluation of this difference in

technical value is not possible by the use of chemical methods. Instead,

dependence must be placed on the determination of physical properties. Of
especial interest in this connection are the mechanical properties of the vul-

canized product, since they govern its applicability to various uses. Unless
the rubber is to be used in the form of a cement, the tests of primary impor-

tance are those of experimental vulcanization and the mechanical testing of

the vulcanizate. Furthermore, since the capacity of a manufactured product

* Translated by R. F. Dunbrook and V. N. Morris.
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fnr withstanding aging frequently governs its usefulness, the determination

i.f the mechanical properties after aging of the test vulcanizate is often de-

sirable.

In summarizing, therefore, it can be said that in testing crude rubber the

answers to two questions are sought
: ^

How much valuable material does it

contain, and what technical value does it have?

Determixatiox of the Loss on Washing

Fur the determination of the total content of moisture, water-soluble con-

stituents and mechanically-included impurities in crude rubber, use is made
(A a f>rr)ccss which is closely related to the usual methods employed in manu-
facturing practice. This determination gives the loss which is sustained in

the commercial purification, consisting of washing followed by drying.

A good average sample of 1/2 to 1 kg. of rubber is taken for analysis,

The weighed sample is rinsed with cold water and is then washed on a small

wadxricr mill or in a masticator, first with cold water, and then with water at

4:'- : 5 ‘- C. Samples which are especially tough, and which cannot readilv

lie worked in the usual laboratory apparatus, are previously softened by wash-

ing from 1 to 2 hours in a suitable vessel with 'warm water, and are then

rinsed on a sieve with warm water. In regard to the duration of the washing

process, it can only be said that the rubber must be washed clean, but that

any unnecessarily long treatment and warming is to be avoided, especially if

a test vulcanization is to be made, and subsequent mechanical testing of the

vulcanizate is to be conducted.

The crude rubber, purified in the manner described, is dried at room tem-

perature ill a place protected from direct sunlight. It is then weighed. The
difference between the weight of the original sample and the weight of the

air-dried and washed (‘^‘technically purified’’) rubber gives the quantity of

impurities and moisture in the crude product. Approximate values for this

so-called ‘'washing loss” are shown in the accompanying table.

Per cent

Hard fine Para 16-18

Plantatifiii smoked sheets 1-1.3

Plantation pale crepe 0.5- 1.0

Brown plantation crepe 4-6

in general, the apparatus used in the laboratory for determining washing

loss should be so constructed that it differs from the factory apparatus used

for washing only in having smaller dimensions. If the apparatus is used

not only for washing, but also for the preparation of rubber mixes, it should

he so constructed that it can be either heated by steam or cooled with water,

\\ hen the content of water-soluble material is high, as is the case with

riifjljer such as the sprayed product made by evaporating latex according to

the Hopkinson process (see p. 126), a different procedure may be desirable.

Ill such cases, the w'ater-soluble constituents, which may amount to as much
as 8 per cent, can be weighed as such. ‘'Sprayed latex” rubber is so uniform

that a satisfactory determination can be made merely by extracting a finely

divided, 10-gram sample several times with 5 times its weight of boiling water.

After uniting the filtered solutions, and evaporating them in a previously dried

and weighed flask, the residue is brought to constant weight in a drying oven

at 90^ C
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Determination of Moisture

far the cleterniination of moisture, 2 grams of washed, air-dried rubber

, or of the original rubber, in case it is clean enough so that it does not require

-ashing) are dried to constant weight in a vacuum desiccator over sulfuric

acid. The loss in weight corresponds to the moisture content In general, it

is advisable to cut the sample into fine pieces with shears in order to shorten

the drying time. The desiccator, unless made of brown glass, should be pr<j-

tccted'froin direct sunlight.^ The same sample can be used for the determi-

nation of the mineral constituents. All other determinations are carried out

iin the air-dried sample and are calculated to moisture-free crude rubber.

Determination of Mineral Constituents

In determining mineral constituents (ash), 2 grams of technically' pure

crude rubber are weighed and ashed in a porcelain crucible having a capacity

uf about 45 cc. The crucible is placed on an asbestos mat (provided with a

hole about 15 cm. in circumference) in such a manner that the bottom of the

crucible extends about 1/2 to 1 cm. below the hole. The crucible is then

heated cautiously with a small Bunsen flame until the decomposition products

of the rubber no longer escape from the crucible
;
whereupon the heating is

continued on a clay triangle to constant weight. The ignition of the gaseous

products, which might lead to losses, is avoided by the use of the asbestos mat.

The ash content of Para rubber and good plantation varieties varies from
0.05 to 0.5 per cent. Inferior plantation rubbers contain larger quantities of

inorganic constituents (up to 1 per cent). In the case of plantation varieties

which have been obtained by an evaporation process, the mineral content may
amount to 1.5 per cent.

Determination of the Acetone-soluble Coxstituexts

The acetone-soluble constituents of crude rubber are usually designated as

rubber resins, although these substances are not closely related to resins in

the chemical sense.

The first step in the determination of these constituents is to cut 5 grams
technically pure rubber into fine pieces with a pair of scissors. The rubber

is then spread out on fabric which has previously been extracted with acetone.

The fabric is next rolled up and inserted into a Soxhlet paper thimble, and,

together with the latter, is placed in the central portion of a Soxhlet apparatus

provided with a siphon. The extraction is carried out on a water bath, using

acetone which has been freshly distilled over anhydrous potassium carbonate.

The fabric prevents the individual rubber particles from sticking together

during the extraction, and thus insures the completeness of the process. In

general 8 to 10 hours are sufficient for the complete extraction of the resins.

After this period, the acetone in the Soxhlet flask is distilled on the water
bath, and the residue, together with the flask, is dried to constant weight in an
oven held at a temperature not exceeding 90^ C.

It is advisable not to choose a Soxhlet apparatus of too large a size.
^

The
central part of the apparatus provided with the siphon should have a diame-
ter of about 35 mm. The extraction is conducted in such a manner that the

acetone is siphoned every 6 to 8 minutes. Furthermore, it is expedient to
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construct the central part of the Soxlilet apparatus of brown glass (or ehe
to protect it in some other manner from the direct action of sunlightj so that
ill readily oxidizable rubbers an increase in the acetone-soluble constituent^

does not occur during the extraction. In Table 1, the resin contents of cer-
tain plantation and wild rubbers are presented.^

Table 1 .
—Resin Content of Rubber.

Resin content
Kind of rubber Per cent

Plantation pale crepe 1.8 _

Plantation sheets 2.5 - 3.0
Plantation smoked sheets 2.5 - 3.5
Evap'-rated latex 5.0 - 6.0
Hard dne Para 3 0 - 3.5

Ceara scraps 3.0 - 5.0
Cameroon balls 7.0 _ pj q
Lagos lumps 1(1

tGuayuIe 13.0 -bS.O
Jelutong (pontianak) 70-80

As previousl}’ explained (see p. 315), the so-called resins consist largely i,:

free fatty acids.
_

They are capable of exerting a considerable but variable
(since they occur in variable proportions) influence on the various commercial
rubbers, especially with respect to the behavior of the latter when beinc vul-
canized. It is obvious, therefore, that the acid value of the acetone extract
is_a factor not to be neglected. Not only does it help to explain the behaviur
of a given crude rubber in commercial manufacture, but it may provide the
information necessary for the correction of existing deficiencies. In tlie

method of Whitby and Winn ^ for the determination of the acid value, 30 to

40 grams of rubber are first cut into small pieces and extracted with acetone
for 48 hours in the extraction apparatus. The acetone is distilled from the
extract, and the latter is brought to constant weight at 70° C. The residue
is then taken up in warm neutral alcohol, and titrated with 0.1 N alcoholic
potassium hydroxide, with phenolphthalein as indicator. The acid value,
which is calculated from the results obtained, is the number of mill->rams of

potassium hydroxide required to neutralize the acid in 100 grams of rubber.
\ an Rossem and Dekker, on the basis of their investigations, call attention

to the fact that the acetone extract also contains volatile fatty acids, and as a
consequence the acid value is dependent on the temperature at which the
acetone extract is dried. They obtained the highest acid values when using
rubber which had not been subjected to previous drying. In addition to

the.se free fatty acids, there are also present fatty acid esters of high mo-
lecular weight fatty acids, as well as esters of water-soluble acids. If the
acetone extract is saponified and the amount of alkali used is determined, and
if the saponified solution, after acidifying, is extracted with ether, it is- found
that these last acids require for neutralization a smaller quantity of alkali

than was used in the original saponification. According to the investigations
uf van Rossem and Dekker, the quantity of free fatty acids is in general
larger than the quantity of esters, in the case of plantation rubber. They also

state that the free acids consist, for the most part, of liquid and solid fatt)'

acids and that in general the quantity of water-soluble acids is small. The
errors introduced into the acid determination by drying the acetone extract at

^ Luff-Sclimelkes, “Die Citemle des Kaut-
scliuks/’ p. 35, Berlin, 192S.

t Translator’s Note. TBis sample of Guayule
was probably one from which part of the

resin had already been removed. Untreated

Guayule rubber contains over 20 per cent of

resins*

Chem. Ind., 42, 336T (1923).
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iiiaher
temperatures are therefore not of great consequence. In addition to the

adds which are extractable with acetone, there are also present in crude rubber

Ather acids which are insoluble in acetone, and which can only be isolated by
qifisequent treatment with an alcoholic solution of an alkali {see p. 373).
Sometimes it is of interest to determine the nitrogen content of the acetone

extract when information regarding the type of nitrogen-containing com-
Doimds in the crude rubber is desired. Since in most cases the quantities are

very small (averaging about 0.05 per cent of the rubber) the micro-method

rtroposed by Gerngrosz and Schafer is used to advantage for their determi-

nation (see p. 369).

If the crude rubber has been obtained by evaporation (sprayed rubber, for

example) and has not been washed or boiled with water, the acetone extract

contains considerable quantities of water-soluble compounds.

Determination of Proteins

For the determination of the protein content of crude rubber, the method
,if Kjeldahl for the determination of nitrogen is generally used, and from
the results the quantity of proteins is calculated.

A 2-gram sample of rubber is treated in a 500 cc. Kjeldahl flask with 20 cc.

nf a mixture of 3 volumes of concentrated and 2 volumes of fuming sulfuric

acid, together with 0.1 gram of mercuric oxide. The flask is closed with a

connecting bulb tube and placed in an iron dish. It is heated, gently at first

but more strongly later, so that the liquid finally comes to a boiling tem-
perature. The boiling is continued until the solution becomes clear and color-

less, 2 or 3 hours usually being required. The solution, which contains the

nitrogen of the rubber in the form of ammonium salts, is diluted with 250 cc.

of water, with cooling, and is then treated with 80 cc. of sodium hydroxide
solution of specific gravity 1.35 and a quantity of sodium sulfide solution

sufficient to precipitate all of the mercury present. Some zinc dust is added,

and the flask is then connected to a condenser. The end of the condenser
dips beneath normal sulfuric acid (10 to 20 cc.), contained in an Erlenmeyer
fck having a capacity of about 300 cc. About 100 cc. of the contents of

the flask are distilled, and the quantity of excess sulfuric acid in the Erlen-

meyer flask is titrated with normal sodium hydroxide, using methyl orange as

indicator. By running a blank, the amount of nitrogen contained in the

diemicals used is determined.
The percentage of nitrogen contained in the rubber is calculated from the

following equation : x =

1,400 t
in which ''N' is the weight of the sample

and is the number of cubic centimeters of 1 iV sulfuric acid neutralized by
the ammonia. The nitrogen content thus determined is multiplied by the

factor 6.25, which is obtained by assuming that the proteins present have an
average nitrogen content of 15 to 18 per cent. The resulting value represents

the quantity of proteins contained in the rubber.
In general, the percentage of nitrogen in Para and plantation rubbers

varies between 0.45 and 0.50, of which, as previously mentioned, about one-
tenth is in the form of acetone-soluble compounds. This corresponds to a
protein content of 2.8 to 3.1 per cent. There are, however, wild rubbers
(some of the African varieties, for example) with protein contents varying
from 6 to 8 and even up to 12 per cent or more.

* Translator’s Note. See Sy U. Ind. Eng. is also often used without being closed at the
Qhm.. 4, 680 (1912)]. The Kjeldahl flask top.
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Aside from this indirect procedure, several methods for the direct determi-

nation of the nitro^c^en-containing constituents of crude rubber have been

developed. They are based on the fact that the rubber can be dissolved :n

suitable solvents", and the insoluble compounds containing nitrogen can be

separated. Since in these methods the viscous nature of the rubber solution

is disadvantageous, various processes have been proposed for avoiding this

inconvenience. Beadle and Stevens ^ heat the rubber in phenetole or nitro-

benzene, and pour the solution into a large quantity of benzene. F. Frank ^

]:eats the rubber with cymeiie, and separates the proteins by centrifuging ano
washing them with benzene and ether. The method of Spence and Kratz '

consists of dissolving the rubber in a suitable solvent, lowering the viscositv

of the solution by the addition of about 0.5 per cent of trichloracetic acid, anr!

then heating sufficiently to permit filtration of the suspended proteins.

Determination of Rubber Content

The information o])tained from the various determinations described above

\> usually sufficient to enable the rubber hydrocarbon content of the sample

to be calculated. The pure rubber content is obtained by subtracting fron;

100 the sum total fexpressed as a percentage) of all accompanying constitu-

ents.

The direct determination of the rubber hydrocarbon content of crude riih-

ber has Iseen the object of considerable experimental work. As desirable as

it would be to iiave a reliable method for the direct determination, the pro-

cedures thus far proposed are so inconvenient and time-consuming, or else

so beset with difficulties, that the indirect method, which ordinarily give^

>ufficiently satisfactory results, is to be preferred. There are, however, spe-

cial cases for which the indirect method can not be used and in which it is

necessary to prove the presence of rubber and determine its quantity approxi-

mately. In such cases, it is necessarv^ to resort to one of the direct methods,

tile most important of which are briefiy described below.
The simplest of the direct methods for the determination of the rubher

hydrocarbon are those proposed by Fendler ® and by Spence.'^ According to

the process of Fendler, one gram of rubber, which has been dried over sul-

furic acid fand preferably also extracted with acetone), is dissolved in petro-

leum ether, and the solution is made up to 100 cc. The insoluble portion is

removed by filtering the solution through a glass tube filled with glass wool,

and 50 cc. of the filtrate are shaken with 70 cc. of absolute alcohol. The
hydrocarbon is precipitated, and is weighed after being dried. Spence pro-

posed a similar process but used benzene as the rubber solvent. According

to his procedure, the solution is made up to a known volume, and an aliquot

portion of the same, after the insoluble constituents have been allowed to

settle, is evaporated in an atmosphere of carbon dioxide and dried.

The processes described below are quite different, inasmuch as derivatives

of the rubber hydrocarbon are used in the determination.
One method, based on the formation of the tetrabromide, was proposed by

Biidde.® A 0.1-gram sample is allowed to swell in 50 cc. of carbon tetrachlo-

ride for 24 hours. Then 50 cc. of a brominating liquid, consisting of 6 cc.

of bromine and 1 gram of iodine in a liter of carbon tetrachloride, are added,

and the solution is allowed to stand 6 hours. At the end of this time 50 cc. of

^ Ar.slys:, 37 . 13 ( 1912).
Nt’f’ J. and Manders, A. S., “Rnb!>er

p. 144, London, 1914.
14 , 262 (2914).

^ Ber. phann. Gej., 14, 208 (1904).

^ Gummi-Ztg., 22, 1S8 (1908).

^ Pharm,-Ztg., SO, 432 (1905).
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alcohol are added, the solution is again allowed to settle, and the liquid above

the bromide is poured through a small filter, transfer of any bromide to the

iilter being avoided if possible. The residue remaining in the vessel is treated

*0 remove excess bromine by using a glass rod with a broad flattened end and
working the bromide with a mixture of 2 parts of carbon tetrachloride and 1

nart of alcohol. The resulting solution is poured through the same filter as

previously used. To remove the last traces of bromine, the bromide is

swelled in 30 cc. of carbon disulfide, allowed to stand for 24 hours, and then
precipitated from solution with 50 cc. of petroleum ether. The bromide is

ne.xt transferred to the filter previously used, is w^ashed thoroughly with

alcohol and ether, and is dried in an oven at 40° C.® The filter paper con-

taining the bromide is then folded together and cut into strips, and the wdiole

mixed in a platinum crucible wdth sodium potassium carbonate. The con-

tents of the crucible are heated over a Bunsen burner until a clear melt results.

The crucible must not be heated above a red heat. After cooling, the melt

is taken up with water, acidified with dilute nitric acid, treated with a suffi-

cient quantity of silver nitrate to convert to silver bromide and heated until

tlie precipitate is well agglomerated. The precipitate is then filtered, and the

weight of the silver bromide is determined in the usual manner. The rubber

content of the sample can be calculated from the proportion 4 Br :CioHi6=
iKjr, in which 'W denotes the quantity of bromine found.

Hope of improving this '"tetrabromide” method has prompted considerable

investigation. That the results obtained by this method are too high was
early discovered. One source of error arises from the demonstrated fact that

a substitution reaction accompanies the addition reaction, and makes the ap-

parent bromine content of the tetrabromide too high. The extent of substi-

tution varies with the temperature, the duration of the action of the bromine
on the rubber, the concentration of the brominating liquid and other factors.

Furthermore, it has been established that the proteins in the rubber can also

add bromine to form compounds ‘which are partly soluble and partly insoluble

in the liquid used by Budde.
Lewis and McAdams hoped to eliminate the errors entering the determi-

nation through substitution, by making use of a purely volumetric process, as

follows : A weighed sample of acetone-extracted rubber is dissolved in pure
carbon tetrachloride. The insoluble matter is filtered, and to the filtrate is

atldecl a measured volume of bromine in pure carbon tetrachloride, corres-

ponding to an excess of approximately 150 per cent of that necessary^ for

addition. After 2 to 4 hours, during which the reaction mixture is allowed

la stand in the dark, potassium iodide solution is added to react with the

excess bromine, and the resulting iodine is titrated by means of a standard

solution of sodium thiosulfate. The hydrogen bromide produced as a_ result

of substitution is determined in, the same manner after the addition of

fiotassium iodate. The value obtained in the second titration is subtracted

from the results of the first titration, and the bromine obtained as described

above is calculated to rubber. Fisher, Gray and Merling,^^ on the basis of

their experience, doubt whether this method is capable of yielding exact

results.

The derivatives of the rubber hydrocarbon which are produced by the ac-

tion of nitrogen oxides were suggested as the basis for a possible method of
The remainder of the process as described is
not that proposed by Budde. His suggestion
was to oxidize with concentrated nitric acid
in the presence of silver nitrate, a procedure

which leads to the loss of bromine,

w/. Jnd. Eng. Chem., 12, 673 (1920).

Ind. Eng. Chem., 13, 1031 (1921).
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analysis by Harries and by Alexander.^^ Harries found that by passing

moist nitrogen trioxide (produced by heating nitric acid with arsenic trioxidet

into a solution of rubber in moist benzene, a nitrosite of the composition

CiiiHirAh^bn was formed. This compound could be tiltereci in a (iooch cno
cible, and, after purification with petroleum ether and ether, could be dried

In an oven at 80^ C. Alexander, on the other hand, made use of a solution

of rubber in carbon tetrachloride, into which he passed an oxide of nitrogen,

which was produced by heating starch with nitric acid. He obtained a prod-

uct with a composition corresponding to CgHisO^Ns, the formation of which

he explained by assuming that, during the reaction, carbon dioxide is split

off by oxidation. This splitting oft of carbon dioxide was not confirmed bv

Wesscnff^ This latter investigator, in conjunction with Knorr, thereupon

developed a method for the direct determination of rubber, according tn

nitrosite is not weighed as such, but is “burned” with potassium

dichromate and sulfuric acid. Since all of the carbon of the rubber passe?

through the nitrosite into carbon dioxide in this process, the determination

of this latter gas permits the calculation of the proportion of rubber hydro-

carbon present in the original sample.

The method of Wessen and Knorr was carefully tested by Tuttle and

Yiirow,*® who proposed certain modifications. According to the suggestioim

of these latter investigators, the acetone-extracted rubber is dissolved ni chln-

rofonii, and oxides of nitrogen are passed into the solution until the green

color of the solution remains permanent. The nitrous oxides are fririned fiv

the action of nitric acid (of specific gravity 1.3) on arsenic trioxide. The
reaction mixture is allowed to stand over night and is then filtered through a

(4ooch crucible. The filtrate is evaporated to dryness. Both the residue'anr:

the contents of the Gooch crucible are dissolved in acetone. The resulting

S' lution is filtered and weighed. After permitting any insoluble portion tn

settle out, an aliquot part of the liquid is evaporated to a small volume and is

then transferred to a combustion boat. The solution in the boat is evaporated

to dryness, and the last traces of solvent are removed by heating in the pres-

ence of a dilute solution of ammonia. The boat is then placed in a combustion
furnace, and the products of combustion are passed through eight absorption

vessels. The first three of these vessels contain sulfuric acid and potassium

dichroniate, the fourth zinc dust, the fifth and sixth soda-lime and calcium

chloride, the seventh sulfuric acid and potassium dichromate and the eighth

a dilute solution of palladium chloride. The increase in weight of the fifth,

sixth and seventh absorption tubes gives, after combustion, the total amount
of carbon dioxide formed, from which the rubber content of the sample can

be calculated.

Determixatiox of Rubber ix Rubber-Bearing Plants *

D. Sfituxe and M. L. Caldwell [/ml Eng. Chem., Anal. Ed., 5
, 371 (1933)] have made

a yhoroiigh, systematic study of the prssihle methods for determining the rubber omtiin
of ^jajAile and other rubber-h.earfijg plants, and have dcvclnpcfi a quantitative

inethod of their own. ^The effect ci the following important factors on the accuracy
of the method was studied:

“Resrirati''n changes occurring in the plant tissue after harvesting and before

“Tlie influence of colloidal protective materials in the plant structure upon the extrac-

tion of the rubber.

35, S256, 4429 (1902); 36. 1937 J. Ind. Eng . Chem., 6, 459 (1914); 9, 139

(1903); 3S, .S7 (1905). (1917).
J.A’.r:., IS, 164 (1905); 20, 1355 India Rubber World, 57, 17 (1917).

0907); Cmmmi-Ztg., 21, 727 (1908). * Translator’s Note.
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"Xhe effect of the type of rubber solvent used.

“The oxidation which occurs during the drying of films of extracted rubber.”

The effect of respiration changes was prevented by desiccation to less than 9 per cent

moistmQ or by storage of the freshly ground material in tightly packed and stoppered

removal of colloidal^ protective materials was accomplished by boiling for 3 hours

with 1 per cent sulfuric acid followed by a further treatment with steam in an autoclave

^

Beiizene was found to be the most suitable rubber solvent, and the oxidation of the

rubber film during drying was prevented by the addition of an antioxidant to the rubber

sulutiom^^led
of the method follows :

preparation of Sample.. “The plants to be analyzed, washed free of adhering
are first coarsely crushed by two passes through corrugated differential laboratory

mill rolls set up as tightly as possible. This material is then ground successivelv with

a Cniversal grinder and a corn mill. (Made by Landers,
^

Frary, and Clark' New
Britain, Conn. The use of an attrition-type mill operated with a reciprocating motion

ior the finer stages of grinding has proved effective in preventing the agglomeration

ui the rubber in guayule shrub.) After each stage of grinding, the shrub is thoroughly

mixed and quartered by means of Jones ore samplers of various sizes. The final quarter

is divided into two lots of a little more than 5 grams each and one lot of approximately

lU grams. The remaining shrub is preserved, packed tightly in an airtight glass jar,

iur use in case of emergency.
“Dup’icr/.c 5-gram samples are then w'eighed out on the analytical balance from the

. -auipk' divided out with the sampler. These are transferred to Coors porcelain

extraction’ thimbles, which for convenience are 22 mm. in diameter by 70 mni. high,

inside measurements, with 2-nim. perforations in the bottom. A thin layer ut wool
batting is placed below and above the shrub to prevent loss.

"The moisture content of the sample is determined at the same time by vacuum-drying
the 10-gram sample at 110° C. in a Petri dish.

Removal of Water-Solubles. “The samples in the porcelain thimbles are boiled

in a 1 per cent solution of sulfuric acid for 3 hours. For this operation it has been

found convenient to use a monel metal bath provided with a water-sealed lid and
water-cooled condenser outlet to maintain the acid concentration. A punched plate is

employed to hold the thimbles upright on a monel metal screen. After 3 hours the

samples, still saturated with acid, are transferred, along with the supporting tray, tit

an autoclave where they are steamed for 3 hours at 30 pounds per sq. in. <2.1 kg. per
.v;|. cm.) pressure.

"For the subsequent operation of leaching to remove the materials rendered water-

suluble by the preceding treatments, a copper bath has been found convenient in whic’n

the thimbles are held upright by holes in the lid and are supported on a wire screen

4 cm. from the bottom. Water at 60° C. from a storage-type electric water heater is

run through each thimble individually in a slow stream. Three hours of leaching are

sufficient completely to remove all water-soluble materials. The amount of material

thus removed can be determined quantitatively with fair accuracy, by diftereiice, by

weighing the thimbles before and after the completed analysis.

Acetone Extraction, “After water-leaching, the thimbles are immediately placed in

jiphon cups of the Underwriters' Laboratories type and are extracted for 12 hours
Uiii an electric hot plate) using about 150 cc. of acetone. If the water-solubles are to

be determined, as above, this extraction must, of course, be made in a tared flask.

Extraction of Rubber. “The acetone left in the sample from the preceding opera-
linn is first removed by heating the thimbles in the vacuum oven for about half an hour.

The rubber is then extracted with 150 cc. of benzene in the usual way. At least 16 hours
are required for this operation.

Drying of Rubber. “The benzene extract of the shrub is evaporated, dried, and
weighed in the same tared flask used for the extraction. Before evaporation 5 cc. of a
il-l per cent solution of dimethyl-/>-phenylenediamine in benzene is pipetted into the
rubber solution. A correction, based upon a blank determination, is made for this ma-
terial in calculation of the results. The rubber solution is evaporated on a water bath
apd then dried to constant weight in a Freas oven at 105° C. Overnight drying has
been found very convenient for this last step. The flask is finally weighed to three
decimal figures. Accuracy to three significant figures in the final result expressed as a
percentage of the dry weight of the sample has been found sufficient for all purposes.'*
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Determ I STATION of Balata in the Presence of Rubber

It is known that the balata hydrocarbon can be separated from resins ami
!!i:oiir:t:es by dissolving the crude product in petroleum ether with the aid oi

heat, and cooling the solution to — 16° C.
^

Jn this manner the balata hydro-

carbon separates as a white precipitate, while the resins, for the greater part,

remain in solution, and the solid impurities remain in suspension. On this

fact, C. Charleson^® bases a process for the separation of the two hydro-

carbons in a balata-rubber mixture, such as is used hi the manufacture of

golf balls. According to his method, the sample is milled into the form of a

thin sheet, or else is cut into fine pieces,^and 2 to 3 grams are weighed. The
weighed sample is then dissolved in a 250 cc. flask with a wide neck by fre-

quent shaking on a water bath, using as solvent 150 cc. of light benzine

(boiling under 115° C). The solution is cooled first to room temperature

and then, by means of a cooling mixture, to at least — 12° C. The rubber

remains in solution, while the balata hydrocarbon, mixed with inorganic con-

stituents which may be present as impurities, is precipitated. The solution is

filtered through a cold filter with suction, and the residue is washed about

four times, using 25 cc. of cold benzine each time. Before weighing, the

precipitate is dried on a watch glass at a temperature of 60° to 65° C. In-

organic substances, which may be present in the balata hydrocarbon, must
then be determined by ashing, or by dissolving the balata and filtering or

centrifuging the solution.

Analysis of Rubber Solutions

The investigator of rubber cements or solutions is concerned in general

with the type and quantity of the solvent and of the inorganic constituents,

as well as with the content of rubber and other organic substances.

For the determination of the type of solvent, a sample of the material tu

be investigated is subjected to steam distillation. The distillate is then placed

in a separatory funnel, and separated from water which has been carried

over. It is then dried with calcium chloride or in some other manner, and

fractiiniated or analvzed according to the known methods for solvent analv-

For the determination of the quantity of solvent, a weighed sample of the

rubber solution is transferred to a weighing glass with a broad base, and is

then evaporated and dried in a vacuum. The difference in weight gives the

content of the solvent

The dry residue is then removed from the weighing glass, cut into small

pieces, and extracted in acetone as previously described {see p. 349). Ac-
cording to the method of Morawski, the acetone-soluble portions are then

dissolved in acetic anhydride and are tested with concentrated sulfuric acid

for the presence of colophony. If this material is present there appears a

violet color, which does not persist very long. A quantitative determination

of colophony can be made according to the method of Wolff-Scholze. (See

p. 366.)

In determining the kind and quantity of inorganic fillers, a weighed sample

of the rubber solution is diluted with a suitable solvent, such as petroleum

ether or ether. The inorganic substances are then separated by filtration or

Mia Rubber V/orld
,
72 , 410 (!92S). Fette,” 6th ed.. Berlin, 1924.

Cf. Holde, B. D.. *'Ko!.Ier,'.vas£trstctTole und
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centrifuging and are washed, dried and weighed. Further identification can

then be made according to the analytical procedure given for vulcanized

niliber (see p. 384).

Investigation of Unvulcanized Rubber Compounds

The investigation of unvulcanized rubber compounds follows the methods

(lescribed for the chemical testing of vulcanized rubber (see below). It is

to be observed, however, that mixtures which contain bitumen or tar products

iinist first be vulcanized, since otherwise the process fails. For an approxi-

mate separation of mixtures which contain asphalt and unvulcanized rubber,

ihe method of J. Marcusson can be used. The mixture is dissolved in ben-

zene, and the solution spread over kieselguhr contained in a Soxhlet paper

thimiile. After removal of the benzene by drying, the kieselguhr is extracted

with low-boiling benzine in the extraction apparatus of Grafe. The rubber

troes into solution along with the mineral oil coming from the asphalt, but the

asphaltic substances remain on the kieselguhr. The latter can then be ex-

tracted with chloroform and can be weighed after evaporation of the solvent.

Separation of the mineral oil from the rubber can be obtained by acetone

extraction after evaporation of the benzene solution.

Determination of the Botanic.^l Source of Crude Rubber

The investigation of the acetone-soluble constituents in a sample of crude

rubber can yield certain information regarding the botanical source of the

rubber. As was shown by Hinrichsen and Marcusson,^® the types of rubber

obtained from the various species of Hevea may be differentiated from most
other types by the fact that the acetone-soluble constituents of the former
exhibit no optical activity. For determining the optical activity, the acetone

extract is taken up in pure benzene, and the solution is tested by means of a

polarimeter. The absence of optical rotation indicates Hevea rubber. If the

solution is so dark that the field of view of the apparatus is darkened too

much, it may be diluted further with benzene, or treated with Fuller’s earth,

and the filtered solution tested. If the rotation is too small to be determined
with exactness, the unsaponifiable portion of the acetone extract, which con-
tains the optically active material, is isolated (see p. 364) and tested according
to the method described above.

Analysis of Vulcanized Rubber

In view of the unusual methods which are used in preparing rubber
compounds and vulcanized rubber goods, complete uniformity of chemi-
cal composition is not to be expected. The preparation of a representa-
tive sample of the material to be analyzed is therefore the first and most
important problem

;
and the success of the analysis will depend largely

upon the care used in sampling and the judgment exercised in the choice
of the sample.

Sampling

Before selecting the sample, it is necessary to determine whether the

surface of the rubber contains substances which are foreign to the rub-
ber and have accidentally found their way there, or whether substances

angew. Chem., 23, 49 (1910); 24, 725 (1911).
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are present which have been added for the purpose of preserving or deco-
rating the commercial rubber product. Impurities, lacquer or varnish
layers, etc., must be very carefull}^ removed by mechanical means. Looseh*
held powdered materials, such as talc, china clay, starch, etc., are easily

removed by tapping the surface gently or carefully dusting it with a

soft hair brush. On the other hand, materials which have bloomed out on
the surface, such as sulfur and paraffin hydrocarbons, as well as oils aiif’:

waxes which obviously came from the rubber compound, are part of the
rubber sample.

In the case of products such as rubber-insulated electrical conductor?,
all coverings of cloth, wire, or tape, as well as the metal inclosed, must
he removed. With such products as hose (or other laminated material i.

the rubber layer is separated from the fabric (provided the rubber is thick

enough')
;
and in case various rubber compounds are involved, they are

treated separatehu In such cases it must also be remembered that, if

necessary, the rubber in the fabric can also be examined for quality and
quantity. The same is true of articles which are usually built up r,f

various rubber compounds
;
pneumatic tires and rubber footwear, for

example.
The average sample is taken from the rubber material prepared in

the above manner. In the case of soft rubber goods, the sample is cut

with scissors into such small pieces that it all passes a 40-mesh sieve i4G

meshes per square cm.; open area within each mesh 1.4 sq. mm.) with

shaking and leaves no residue. “It-PIatten” (asbestos packing)^*^ i?

pulled apart by hand as much as possible. Rubber-coated substance?,

in which the rubber cannot be separated from the fabric,-^ are cut with

scissors into small pieces about 1.5 sq. mm. Hard rubber samples are

prepared by rasping with a coarse file, and the powder is freed from anv

iron particles with a magnet. Unvulcanized rubber compounds and
reclaimed rubber are cut with scissors or are rapidly milled into a thin

sheet at the lowest possible temperature.
After the reduction to small pieces, the average sample is thoroughly

mixed and is then preserved in a glass-stoppered flask, which is kept

in a cool place protected from light

]\I0ISTURE

One to two grams of the average sample (prepared as described above)

are dried to constant weight on a watch glass in a vacuum desiccator

over concentrated sulfuric acid or phosphorus pentoxide. The loss in

weight, based on the weight of the original sample, is called moisture.

The use of higher drying temperatures than room temperature is only

advisable if it is known with certainty that the rubber compound contains

no substances which are volatile under these conditions. In such cases,

the determination is carried out at about 80^ C. without the use of a

vacuum.
The results of the procedures discussed below are all expressed in

terms of percentages of the weight of the dry rubber present. The deter-

minations, however, are carried out on the original sample and not on

the dried sample.

Hauser, E. A., *“Latex” (Englisit trans- Sometimes a separation can be effected after

larion by W. J. Kelly), p. 139, Chemical swelling in benzene.
Catalog Co., Inc., 1930.
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Water-soluble Substances

Bv treating the rubber sample with warm water, the following sub-
stances are partially or entirely dissolved: starch, gelatin, glue, gfycerol
and certain accelerators of vulcanization. An alkaline reaction of the
aqueous extract is frequently due to the treatment of the rubber goods
?;ith alkalies.

The following substances can be detected qualitatively in the aqueous
extract

:

Starch, by the appearance of an intensive blue color on the addition of iodine
snlution.

Glue and gelatin, by the formation of a flaky precipitate on the addition of

an aqueous solution of tannic acid. The presence of nitrogen is coii-

lirmed by mixing the filtered and dried precipitate with finely pulverized
soda lime and heating the dry mixture in a small ignition tube. In the
presence of glue or gelatin, ammonia vapors, which are detected bv
their odor or by means of red litmus paper, are evolved.

Aniline, by the appearance of a bluish-violet color on the addition of a

solution of bleaching powder. The color soon changes shade.

Alkalies, by titration with O.IN sulfuric acid, using phenolphthalein as

indicator.

Glycerol, by rapidly heating the dry residue from the aqueous extract with
double the quantity of potassium bisulfate. In the presence of glycerol,

a strong odor of acrolein is evolved.

To obtain an approximate idea of the quantity of water-soluble cuii-

stituents contained in the rubber sample, one proceeds as follows : At
least 10 grams of an average sample are boiled for 10 minute periods
with the S-fold quantity of water until no more water-soluble substances
are extracted from the rubber. In general, three extractions are sufficient.

The combined filtrates are evaporated in a dried and weighed porcelain

dish, and the residue is dried to constant weight at 100*^ C.

Acetone-soluble Constituents

Acetone completely dissolves the following substances from rubber
compounds : the so-called '‘rubber resins,’' as well as resins and resin

oils which were added to the rubber, mineral oils, paraffins, waxes,
lanolin, cellulose ethers and cellulose esters, naphthalene, aniline, vul-

canization accelerators and their decomposition products, certain organic

dyes and antioxidants, and the sulfur which is not chemically combined
(‘‘free sulfur”)

.

In addition, acetone partially dissolves the following materials from
rubber compounds : fatty oils, oxidized fatty oils, sulfurized fatty oils and
those treated with sulfur chloride (factice), as well as tarry and asphal-

tic constituents.

The duration and completeness of the acetone extraction depends not

only on the kind of rubber sample and its degree of subdivision but also

on the rate of extraction and the choice of a suitable extraction apparatus.

Among the common types, the Soxhlet apparatus (Fig. 53) is most suit-

able, if the dimensions are adapted to the size of the sample to be tested.

Since 5 grams of the rubber sample are usually taken for extraction,

the central part A of the apparatus, which is provided with the syphon,

should have a diameter of approximately 35 mm., and the flask B should
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have a capacity of not more than 200 cc. The extraction is carried uui

on a water bath or an electrically heated hot plate. The operation i<

so regulated that the acetone is siphoned off every 6 to 8 minutes from

part A. The extraction is considered complete when the solvent no longer

removes any of the constituents from the rubber compound.

The e.xtraction can be accomplished in a shorter time if the “standan!

apparatus,” which has been prescribed by the Yerein Deutscher Elek-

trotechniker for the extraction of the rubber fronp hig:h tension rubber-

insulated conductors, is used. _The^ dimensions of this apparatus ha\t

been specified accurately."^ (.Figs. 54 and 55.) It consists of a flask A

‘it'msi

i

Figure 53 (left)—Soxhlet apparatus.

Figure 54 (right) —Standard extraction apparatus.

Figure 55 (lower left )—Individual parts of the

standard extraction apparatus.

Figure 55a (lower right)—A. S. T. iM. standard

extraction apparatus. (All dimensions in milli-

meters.)

made of Jena glass, the glass vessel B provided with a siphon, and the

suspended condenser C, which is made of copper tubing heavily coated

with tin. By means of two adjustable metal hooks soldered to the con-

denser, the siphon cup, which is provided with two small holes, can be

suspended beneath the condenser. This apparatus possesses the advan-

tage of extracting the rubber at the boiling temperature of the acetone.

After the removal of the siphon cup, it can be used for other purposes, e.g,

heating under a reflux condenser."^’
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The determination of the acetone-soluble content of rubber is carried

..lit in the following manner : Five grams of the sample, after having
i.een reduced to small pieces, are wrapped in a linen or muslin cloth

i)reviously extracted with acetone and chloroform (or are inserted in

a paper thimble) and are then placed in the siphon cup of the “standard
apparatus/’ The latter is attached to the metal hooks on the condenser.

To the previously dried and weighed flask provided with chips to pre-

;-rt bumping are added about 50 cc. of acetone (freshly distilled over
drv-drated potassium carbonate), and the condenser, together with the

dphon cup, is inserted. The extraction is carried out on a water bath

or on an electrically heated hot plate. The heating is so regulated that

the siphon cup is emptied every 2% to 3V2 minutes. In the case of soft

rubber goods, the extraction is in general completed within 8 hours.

Otherwise, it is continued for an additional 4 hours or longer. In the

case of hard rubber goods, the extraction must frequently be continued

iTr a period of 48 hours. After the extraction, if convenient, the appa-

ratus is allowed to stand over night, for by so doing it may be possible

the next day to draw conclusions about the presence of certain organic

accelerators from the crystalline material which has separated. The
solvent is then evaporated on a water bath at the lowest possible tem-
perature. The flask, together with the residue, is dried to constant weight
in an oven at a temperature of about 70® C. The use of a vacuum drying
oven is only advisable if it is known with certainty that the acetone
extract does not contain substances which are volatile under these

cunditions.

In many cases it is advisable to check the value obtained in the deter-

mination by weighing the extracted rubber sample. In doing this, how-
ever, it must be taken into account that the extracted material is sus-

ceptible to oxidation to a high degree. For this reason, the sample is

protected from light, and is dried in vacuo at room temperature, or in a stream
of nitrogen at the lowest feasible temperature. If the analysis of the

extracted sample is not continued immediately, it is preserved in a glass-

>toppered flask which is protected from light and stored in a cool place.

This procedure is necessary to prevent the oxidation of the extracted

sample.

According to recent studies, soaps are formed during vulcanization
by the reaction of the basic pigments added to the rubber with the

naturally occurring acids in the rubber or with the organic acids which
have been intentionally added. If in the course of the analysis basic

pigments have been detected, the acetone extraction is followed by an
extraction with a solvent for soaps, such as benzene-alcohol (8:2) or

chloroform-alcohol (8:2). The presence of metals in the extract shows
that soaps were present in the sample.
In order to carry out the determinations of the individual constituents

if the acetone extract (as described below), 4 to 5 grams of the rubber
sample must ordinarily be used for the acetone extraction.

Sulfur in the Acetone Extract
The dried acetone extract is treated with one gram of magnesium

oxide and some nitric acid-bromine mixture, and is heated first on the

®The nitric acid-bromine mixture is prepared and allowing the mixture to stand for some
by shaking 90 grams of nitric acid of sp. gr. time.
1.48 with 10 grams of sulfur-free bromine
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water bath and finallv on the sand bath to oxidize the sultur completely.

The contents of the 'flask are then transferred to a porcelain dish, the

flask bein<^ washed out with hot water. After evaporation to dryness on

the water\ath, the residue is treated three successive times with 5 cc.

portions of concentrated hydrochloric acid (evaporating to a fuming con-

dition each time). The mass is then taken up with 5 cc of-concentrated

hvdrochloric acid and the solution is transferred to a beaker (washing

out the container previously used with hot water).

The volume of the solution is brought to about 100 cc. and the sulfate

is precipitated with hot O.LV barium chloride solution at the boiling

temperature. After standing over night, the barium sulfate is separated

hv filtration and washed free from chlorine with hot water. After ashing

the filter paper in a porcelain crucible, the barium sulfate is brought to

constant weight at red heat.
_ , . , . ,

The acetone extract mav contain organic sulfur compounds, in which

case the possibilitv exists that the sulfur may not be entirely precipitated

bv the barium chloride (on account of the formation of sulfonic acids i.

The method is then modified as follows: The acetone extract is oxidized

with the nitric acid-bromine mixture in the presence of magnesium oxide.

The contents of the fla.sk, after boiling on the sand bath, are not trans-

ferred to a porcelain dish, but to a 200 cc. round-bottomed Pyrex flask,

and are treated according to the method of J. Rothe for the determina-

tion of the total sulfur in rubber mixtures (sec p. 376).

In siicli C 21S 0S tli6 following’ procedure can also oe used to acKantage.

Fifteen to twenty cc. of nitric acid of specific gravity 1.40 and one drop of

sulfur-free bromine are added to the acetone extract. After standing

for a chort time, the extraction flask is covered with a watch glass con-

taining a hole and is placed on a cold water bath and slowly warmed.

\fter heating for one hour, the violent reaction has subsided. The

mixture, while still hot, is transferred to a porcelain^ evaporating dish,

which is unglazed on the outside and about 5 cm. in diameter. The

flask is rinsed with concentrated nitric acid which is then added to the

evaporating dish. The contents of the evaporating dish are next evap-

orated on the water bath until they fume. Evaporation to fumes vith

3 cc. portions of concentrated nitric acid is repeated twice.
^

The residue,

which has been evaporated to a thick s^wupy consistency, is dissohed in

several drops of ethyl alcohol, and is stirred and_ warmed with a finely

pulverized mixture of sodium carbonate and sodium nitrate (5:3) to a

uniform paste, which is then covered by sprinkling a sufficient quantit}

of the salt mixture over the top. This procedure is followed by careful

drving at 120° to 130° C. The evaporating dish is then covered with a

similar inverted dish, and the contents of the flask are brought to fusion

by carefully heating. The time of fusion, which toward the end can be

accelerated bv remoA'ing the coxer dish and shaking the evaporating

dish (which is held with crucible tongs) arnounts to iy2 to Zyo hours.

Before the fused mass has entirely cooled, it is dissolved in boiling water.

The solution, acidified with hydrochloric acid, is evaporated to dryness.

The residue is heated for 2 hours in a drying OA’-en at 135° C. and, after

moistening with concentrated hydrochloric acid, is taken up with water.

The solution is filtered, and the sulfate in the filtrate is precipitated at

» Ltniae-Berl, '“Clieiiiisch-technisdie Untersiichungsmethoden,” 7tli ed., Vol. 3, p. 1220, Springer,

1921-4.
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I,oiling
temperature with a hot OIN barium chloride solution. The

barium sulfate is treated in the manner previously described.

As previously indicated, the above two procedures give not onlv the

quantity of free sulfur, but also the sulfur contained in the acetone extract

in the form of organic compounds. For the determination of “the true

free sulfur,” W. J. Kelly devised the following procedure:
The acetone extract is treated with 50 cc. of a cold saturated solution

of sulfur in 95 per cent ethyl alcohol, and the total weight is determined
with an accuracy of 0.5 gram. The mixture is then warmed to about
50^ C. for a few minutes and slowly cooled. Any losses, which are de-

termined by weighing, are replaced by adding pure 95 per cent alcohol.

The flask is stoppered and is allowed to stand for about 24 hours. The
solution is then carefully decanted. The residue is washed two or three

times by decantation with 5 cc. of the saturated solution of sulfur in

alcohol, and is dried at 100° C. for one-half hour. The remaining “true

free sulfur” can then be determined as barium sulfate directly or after

oxidation with nitric acid-bromine mixture in the presence of magnesium
o.xide. The difference between the acetone-soluble and the true free

sulfur is the amount of sulfur combined with the organic compounds.
The process is obviously only applicable when the acetone e.xtract con-

tains no organic compounds which are insoluble in 95 per cent alcohol

ur which contain sulfur.

The volumetric determination * of the free sulfur in rubber has recently received con-

siderable attention. A number of procedures have been p’*ono?ed. \V. D. Guppy
[Trans. Inst. Rubber hid., 7 , 81 (1931); 9

, 59 (1933); .‘x’;'

C

Tech,, 5, 360

(1932); 6, 512 (1933)] has described a method based on the reduction of the free sul-

fur in vulcanized rubber (not the acetone extract) by means of tin. The hydrogen
sulfide formed in the reduction is absorbed in a solution of cadmium acetate. The re-

sulting cadmium sulfide is then treated with a standard iodine solution and the excess

hi iodine is determined with sodium thiosulfate solution. The amount of free sulfur is

calculated from the volume of iodine solution used in the oxidation.

A. Castiglioni \_Z, anal. Chem., 91 , 32 (1932); Rubber Chem. Tech., 6
,
412 (1933)]

bases his method for the determination of free sulfur on the formation of pota^^ium
thiocyanate when the acetone extract of rubber is boiled with potassium cyrmidc. The
excess KCN is decomposed with formaldehyde and the thiocyanate is determined volu-

metrically with standard silver nitrate. The procedure is as follows:
“Boil the acetone extract for 0.5 hour with an excess of potassium cyanide in a round

flask with a reflux condenser, and evaporate the solvent on a water bath. Dissolve the

dried residue in about 100 cc. of water, place it in a 200-cc. flask, add 10 cc. of 20 per

cent formaldehyde solution, and agitate carefully. Acidify with 5 cc. of 30 per cent

nitric ai.d ::"i to the mark with water. Reiiiuve individual portions of 20 cc. of the

liquid, and add 5 to 6 drops of 10 per cent iron nitrate solulivon, whcrcupr-r. the liquid

turns an intense blood-red color. Upon titration with a 0.05 nu:'!!!,'.-! ^-’ver rhirate solu-

tion a white precipitate of silver thiocyanate is formed, and the red color becomes weaker
until it disappears completely, while in many cases it changes to a light bluish color.

Since silver thiocyanate tends to agglomerate into cheesy masses which may contain
^^ome of the liquid to be analyzed so that the latter cannot be acted upon by the silver

nitrate, the silver nitrate must be dropped slowly from the burette and the liquid must
be kept in agitation during the titration. The various samples of the liquid make it

pssible to determine the number of cubic centimeters of silver nitrate solution required
for complete precipitation of the silver thiocyanate which is present. This value multi-

J by

^
10 X " 1.8877 and by the factor of the solution gives the sulfur

content of the acetone extract which is analyzed.'’

12, 875 ( 1920); 14, 196 Translator’s Note.
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The imthnd of J. Robertsi.n and J. Young [/. Soc. Chem. hid., 52, 296 7 (1933)
Rubber them. Tech., 6, 518 (1933)] is based on the volumetric determination of'suifd^*

by sodium rhodizonale.

Separation of the Saponifiable and Unsaponifiable Substances Contained
in the Acetone Extract

The dried acetone extract is boiled under a reflux condenser with 25

cc, of a solution of potassium hydroxide-^ for 2 hours. The liquid is

then transferred to a separatory funnel, and the flask is rinsed with an

ecfiial volume of hot water in three or four portions. After cooling, tht

extraction flask is washed several times with petroleum ether, which is

then used to extract the alkaline solution in the separatory funnel. The
extraction with fresh petroleum ether is continued as long as this solvent

continues to extract portions from the watery liquid. The petroleiun

ether extracts are united in a second separatory funnel and are washed
repeatedly with water until an alkaline reaction is no longer obtained,

llie petroleum ether extract is transferred to a weighed Erleiimever

flask which is provided with porous stones to prevent bumping, the

petroleum ether is evaporated, and the residue, which now contains the

uusiibonif'able substajiccs of the acetone extract, is dried to constant weight

in an oven at 100^ C
The alkaline aqueous solution which remains after the extraction with

petroleum ether is acidifled in the separatory funnel with dilute sulfuric

acid and exhaustively extracted with ether. The ether extracts are col-

lected ill another separatory funnel, are washed with water until free

from acid, and are transferred to a dry weighed Erlenmeyer flask con-

taining “boiling'’ stones. The ether is evaporated, and the residue is

dried in an oven at 70" C. to constant weight. The residue contains the

.wiTonimbic substances of the acetone extract, such as resins and fatty acids.

If the acidified aqueous solution from which the saponifiable matter

has been removed is very turbid, it can be surmised that the rubber sample
contained cellulose derivatives. In this case, the liquid is neutralized with

ammonia and evaporated almost to dryness. The residue is treated with

10 cc. of copper oxide-ammonia (“Kuoxam”)-^ and is allowed to stand

12 hours in a covered vessel with frequent shaking. After the addition

of hydrochloric acid to the filtrate, the cellulose is precipitated with dilute

sulfuric acid, filtered, dried and weighed. Obviously, in working with

Kiioxam, no cellulose filters may be used.

Separation of the Constituents in the Unsaponifiable Portion of the

Acetone Extract

The unsaponifiable portion of the acetone extract, separated according

to the procedure just described, may contain the following: unsaponiii-

able acetone-soluble components of the crude rubber, mineral oils, paraf-

fin hydrocarbons, tar and asphaltic constituents, and wax alcohols. They
are separated in the following manner:

The iwtassium hydroxide solution is prepared
hy dissolving- 30 grams of pure potassium
hydroxide in an equal c|uantity of water,

the solution, and diluting to 1,000 cc.
with absolute alcohol.

The “Kiioxam” is prepared by dissolving 50
grams of copper sulfate in 300 cc. of water,
and adding ammonia dropwise until all of

the copper hydroxide has precipitated. The

precipitate is freed as completely as pos.sible

frorn the solution on a suction filter. The

precipitate is transferred to a glass vessel,

which is kept cold, and is then treated -with

sufficient 25 per cent ammonia solution to

dissolve it completely. The ‘‘Kuoxam’' must

be preserved in the dark and is only stable

for about three weeks.
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The extract is exhaustively extracted with hot absolute alcohol. Any
remaining residue contains tar and asphaltic constituents, as well as

rnv decomposed rubber substance. (See p. 373.)
"
the alcoholic solution is evaporated on a water bath to 50 cc., and after

cooling is preserved for 1 hour in an ice-salt mixture,2’ at a temperature

not above —5° C. The solid substances which have been precipitated

are filtered through a cold funnel (Fig. 56) and are w'ashed with 100 cc. of

•0 per cent alcohol,^® cooled to the same temperature. The residue re-

maining on the filter is transferred to a dry weighed flask by pouring
over it some absolute alcohol, followed by hot chloroform. The solvent

mixture is then evaporated and the contents of the flask are dried to

constant weight. The constituents of the acetone extract thus separated

represent the solid paraffin hydrocarbons. However, if waxes were present

Figure 56

—

Ice funnel.

in the original rubber compound, the paraffin hydrocarbons then contain
the alcohols of the wax. These alcohols can be separated approximately
from the hydrocarbons by acetylation or in the following manner: The
mixture of the above substances is heated with several drops of concen-

trated sulfuric acid to 150° C. (not over 180° C.). The reaction product
is then mixed with calcium oxide and freshly ignited animal charcoal,

and the resulting mass is extracted in an extraction apparatus with pe-

troleum ether. After evaporation of the solvent, the solid paraffin hydro-
carbons are dried and weighed.
The alcoholic filtrate, after the determination of the paraffin hydro-

carbons by the ''freezing method.” is evaporated to dryness on the water
hath. The residue is taken up with 15 cc. of carbon tetrachloride, trans-

ferred quantitatively to a separatory funnel with small portions of carbon
tetrachloride (using a total of about 10 cc.), and shaken with 15 cc. por-

tions of concentrated sulfuric acid until the acid is no longer colored.

After drawing off the acid from the last extraction, ether is added to the

carbon tetrachloride-water solution until the carbon tetrachloride-ether

mixture forms a layer above the water (about 100 cc.). This is followed
by an extraction with water, colored with methyl orange, until the xvash

water no longer shows an acid reaction. The carbon tetrachloride solu-

tion is then transferred to a dry, weighed Erlenmeyer flask provided with

“boiling” stones, and is evaporated on the water bath. The residue is

dried at 100° C. to constant weight. It then contains the liquid paraffin

hydrocarbons; that is, the liquid portions of the^ solid paraffins

which were added to the rubber compound, as well as mineral oils which
were used as such or which were derived from asphaltic substances or

from certain grades of factice.

"^2 kilograms of ice plus 1 kilogram of table ^90 cc. of absolute alcobol plus 10 cc. of water.
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Separation of the Constituents of the Saponifiable Portion of the
Acetone Extract

The saponifiable portions contain the fatty acids and the resin acids
The determination of the resin acids can be carried out by the com
ventionai method of the Union of Soap Manufacturers of Germanv.--*

For this purpose 2 to 3 grams of the resin acid-fatty acid mixture are

necessary. This quantity is obtained by the appropriate treatment of

a large amount of the rubber sample. The 2 to 3 grams thus obtained
are accurately weighed into a glass-stoppered flask of about 150 cc.

capacity and are then treated with 20 to 30 grams of absolute alcohol
The flask is immersed in cold water, and a stream of dry hydrogen chlo-

ride is passed through the liquid until no more absorption takes place.

This process usually requires about three-quarters of an hour. The
flask is then removed from the cooling water. After rinsing the delivery

tube with a small quantity of absolute alcohol, the flask is stoppered and
set aside for at least one hour. The contents of the flask are then diluted

with 5 times their volume of water, and heated until the solution has

become clear. The analysis is finished by gravimetric methods.
The contents of the flask are transferred to a separatory funnel and

vigorously shaken with 75 cc. of ether, which also serves for rinsing out

the flask. The aqueous solution is then drawn off, and the ether solution,

which contains the resin acids and the ethyl esters of the fatty acids, is

washed with water until the washings no longer give an acid reaction

toward litmus paper. After the addition of 50 cc. of alcohol, the solu-

tion is titrated with 0.5.V alcoholic potassium hydroxide solution, using
phenolphthalein as indicator. In this operation, only the resin acids unite

with the alkali to form resin soaps, while the ethyl esters of the fatty acids

remain almost unchanged. One cc. of 0.5.V potassium hydroxide solution

corresponds to 0.175 gram of resin acids.

If for any reason the further investigation of the resin acids seems
desirable, the process of Wolff-Scholze, in which the resin acids are de-

termined gravimetrically, may be used to advantage. According to this

method, 2 to 5 grams of the resin acid-fatt}" acid mixture, dissolved in 10

to 20 cc. of methanol, are boiled under a reflux condenser for 2 minutes
with 5 to 10 cc. of a mixture composed of 1 volume of concentrated sul-

furic acid and 4 volumes of methanol. After the mixture has been diluted

with 5 to 10 times its volume of a 10 per cent salt solution, it is extracted

with ether. The aqueous layer is then drawn off and extracted two or

three times more with ether. The combined ether solutions are washed

with the 10 per cent salt solution until neutral toward methyl orange,

and, after the addition of some alcohol, are made neutral tow^ard phenol-

phthalein with 0.5xV alcoholic potassium hydroxide. One to two addi-

tional cc. of alcoholic potassium h3^droxide are then added, and the ether

solution is washed several times with water. The soap solution, together

with the wash water, is evaporated to a small volume. By’- acidifying the

condensed solution with dilute mineral acid and adding an equal volume

of concentrated salt solution, the resin acids, including the unesterified

fatty acids, may be separated and extracted with ether as above.

^ See ^‘Einheitsinethoden ztir Unterstichung von Berlin, 1910.
Fetter, Glen, Seifen nnd Glycerin,*’ p. 58,
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The ether extract is dried with anhydrous sodium sulfate and filtered.

The ether is evaporated from the filtrate, and the cooled residue is dis-

solved in 10 cc. of methanol and esterified with 5 cc. of a mixture composed
of 1 volume of concentrated sulfuric acid and 4 volumes of methanol, as
described above. The niixture is treated with 7 to 10 times its quantity

,if 10 per cent salt solution, and extracted two or three times with ether.

The ether extract is neutralized with alcoholic potassium hydroxide and
extracted several times with a very dilute solution of alkali From the

united aqueous and alcoholic extracts, the resin acids are extracted with
ether as described above. The ether is evaporated, and the residue is

dried to constant weight.

Another method for the determination of resin acids (colophony), in

addition to fatty acids, was worked out by E. J. Parry .so According to

this method, the mixture of resin acids is dissolved in 20 cc. of 95 per
cent alcohol. A drop of phenolphthalein indicator solution is added and
then concentrated sodium hydroxide solution (1 part sodium hydroxide

to 2 parts of water) until the mixture is slightly alkaline. Thelolution
is heated for several minutes, cooled, and transferred to a 100 cc. gradu-
ated cylinder provided with a stopper. The cylinder is filled to the 100

cc. mark with ether, 2 grams of pulverized silver nitrate are added, and
the mixture is vigorously shaken for 15 minutes in order to convert the

acids to their silver salts. After the insoluble silver salts have settled,

50 cc. of the clear solution, which contains the silver salts of the resin

acids, are removed with a pipet and transferred to a second 100 cc. cylin-

der. After the addition of 20 cc. of dilute hydrochloric acid solution 1

1

part of acid to 2 parts of water), the whole is shaken. The ethereal layer

is drawn oif, and the water solution is shaken twice more with ether.

The ether extracts are united and washed free from acid with water, and
the ether is distilled. The residue, which consists of the resin acids, is

dried to constant weight at 110° to 115° C.

Determination of Paraffin Hydrocarbons in Simple Rubber Compounds
In the case of rubber compounds the acetone extract of which contains

only free sulfur and vulcanization accelerators (in addition to solid and
liquid paraffin hydrocarbons), a separation of the acetone-soluble con-

stituents into saponifiable and unsaponifiable parts is not necessary.

For the determination of the paraffin hydrocarbons, the acetone extract

is treated at once with 30 cc. of absolute alcohol, and the solution is fil-

tered into a dry, weighed 200 cc. Erlenmeyer flask containing chips to

prevent bumping. The filter and the flask (which contained the acetone
extract) are washed with 20 cc. of hot absolute alcohol, using small por-

tions at a time. The Erlenmeyer flask, which should now contain all of

the alcohol-soluble substances of the acetone extract, is preserved for 1

hour in an ice-salt mixture at a temperature not above —5® C. The rest

of the operation is carried out in exactly the same manner as described
in detail under the heading “Separation of Constituents in the Unsaponi-
hable Portion of the Acetone Extract’^ {see p. 364). In this method for

the determination of solid as well as liquid paraffin hydrocarbons, any
sulfur which is present must be determined according to the method de-

scribed on page 361, and must be subtracted from the value obtained.

* See Tuttle, J. B., “The Analysis of Rubber,*'
P-70, Chemical Catalog Company, New York,
1922; also see Allen, “Commercial Organic

Analysis,** 4th ed., Vol. V, p. 73, P- Blakis*

ton’s Son & Co., Philadelphia, 1910.
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Identification of Organic Accelerators of Vulcanization
A quantitative determination of the organic accelerators in vulcanizatcv

is at the present time seldom made. Moreover, the determination, wher
carried out, is only approximate. The determination can only be mac^e
when the accelerator undergoes no fundamental change at vulcanizatior
temperatures, and when it can be separated from the rubber compouni’*
liy steam distillation, sublimation, etc. Even the qualitative detection
identification of such compounds is among the most difficult problem^
of rubber analysis, many of which have not yet been satisfactorily solvef
On the one hand, the analytical investigation is made difficult bv the
complexity of the chemical nature of the accelerators and by the fact

that they are present in rubber compounds in such small quantities. More-
over, many accelerators, as has already been mentioned, undergo verv
miulamentai changes during vulcanization, and later disappear entirefv
from the rubber compound. Conclusions regarding the presence of aii

accelerator in rubber goods can therefore only be drawn from the
mechanical properties of the vulcanizates, the remarkably small quantitv
of total sulfur, and the vulcanization coefficient. Although the number
of accelerators used in practice is very small in comparison with the lar^-e

number of substances which are listed in the patent literature, the com-
plete identification of the accelerator in a given compound is only possi-

ble in ver\' favorable cases. The reason that so few of the many pro-
posed accelerators are actually used in the rubber industry is to be found
in the fact that most of the compounds described in the patent literature

do not possess the properties listed below, which L. E. Weber state.-

are required of an accelerator that is to be used commercially.
1. The accelerator must not make the compound dry (short).

2. The critical temperature at which the accelerator begins to exert its acceleratiiii!

actajii must nut lie beiuw lu5 C.. since otherwise the danger exists that the rubber conf
pt diud will l ie prematurely vulcanized on the mixing rolls. Obviously, this does not apply
tu tile so-ca'Ied ultra accelerators, in the use of which special precautionary measure-
must be taken.

3. The accelerator should not discolor the vulcanizate.
4. Tlie accelerator should not be toxic.

5. The accelerator must he obtainable on the market at a suitable price.

Among the compounds which fulfill the above requirements, and
which have become commercial in Germany, those of the I. G. Farbeii-

indiistrie are of primary importance. The products of this company,
which appear on the market under the designation of Vulkacit accelera-
tors, include the following

:

Hexamethylenetetramine e Urotropin, **Vulkacit H”
; in America, “Hexa”).

Al.yhydc-amnu ;.ia • -Aulkadt A”).
Diplienylguanidine (“Vulkacit D’b ; in France, “Nurac”; in America, “D. P. G.”; *)r

ill a mixture with zinc oxide or magnesium oxide, “Speed X’' or “X. L. O.”),
Diphenylthiourea ' Thircnrbanilide, “Vulkacit CA”).
y\:,cr:d:r;:ury p-.:::aimydnylcmedithiccarbam^^^ (“Vulkacit P”

;
in America, “Pip-pip”).

; .-iranivti'.yit.v.uraindisulricie yVulkacit Thiuranv’
; “Tuads”)-

Di-ortho-tolylguanidine (“Vulkacit 1000'*
; in America, “D. O. T. G.”).

Among the above accelerators, diphenylguanidine is today perhaps the
most widely iised^ in Germany. Furthermore, mention should be made
of the following \ ulkacits, the chemical nature of which is not definitely

known

:

“\’ulkacit TR,“ a liquid basic mixture.
“Vulkacit BPy a saive-like basic mixture with formaldehyde.
** India Rubber J., 63, 793, 849 (1922).
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III foreign countries, the following products have found extensive

use in addition to the above :

In Anierica* Triphenylg'uanidine ( T. P. G. ), and Tensilac,” presumably a mixture

oi ethylidene-aniline and di-i?-tolylguanidine *

'in England: Nitroso compounds, such as nitrosobenzene and nitrosophenol, as well

as
nara-nitrosodimethylaniline. (Under the designation “Accelerene” )

.

‘in France: Formaldehyde-aniline (“Vulcone”) and “Super-Sulfur No. 2 (lead di-

niethyldithiocarbamate)

.

The following compounds are also to be listed among accelerators ;

Zinc alkyl xanthogenates, zinc alkyl^ dithiocarbamates, zinc thioplienol,

dithiobenzoic acid, and the fatty acids, such as oleic and stearic acid,

which act as accelerators at vulcanization temperatures when in combina-
tion with basic inorganic compounds.
Many of these accelerators pass into the acetone extract of the rubber

compound, as they are either soluble in the original form or decompose
into products soluble in acetone. At the conclusion of the acetone extrac-

tion, which is carried out as previously described (see p. 359), the solu-

tion should be evaporated to about one-half its volume, and then allowed

to stand over night. If certain accelerators are present large crystals

occasionally separate on standing. These can be recognized by their

crystalline form, or, after careful purification, by means of their melting
points and other properties.^^ Unfortunately, however, the conditions

are seldom favorable to crystal formation, and other methods for the

lilentification of these accelerators must be used.

If the list of accelerators cited above is examined, it will be noted that

many of them contain 12 to 25 per cent of nitrogen. Since such nitrogen-

containing compounds are soluble in acetone, the presence of an acceler-

ator of this type in a rubber compound can be recognized by a nitrogen

determination of the acetone extract. However, every sample of crude
rubber contains nitrogen compounds which are partly soluble in acetone.

The nitrogen content of the acetone extract of the most frequently used
Hevea plantation rubbers averages 0.03 per cent. In the case of the wild

rubbers it is usually somewhat higher. From experience it has been
found fairly safe to conclude that an accelerator is present, if the nitrogen

content of the acetone extract of a rubber compound appreciably exceeds
the value of 0.06 per cent. It must be pointed out, however, that in recent

years antioxidants (or “preservers’") are added to the rubber to resist the

aging of vulcanizates. Amongst these, certain ones, such as aldol-alpha-

naphththylamine, phenyl - beta - naphthylamine, and other secondary
amities, also contain nitrogen and are soluble in acetone. They can be
recognized by mechanically testing the artificially aged rubber sample.
The micro-method of Bang or of Gerngrosz and Schafer can be

used to advantage for the nitrogen determination of the acetone extract.

The procedure is as follows

:

The hot acetone extract is transferred immediately after the completion
of the extraction to a micro-Kjeldahl flask of about 100 cc. capacity
(Fig. 57), and the solvent is distilled on the water bath. To the residue

Tmslator’s Note, Included among other ac-
celerators which find extensive use in Amer-

are mercaptobenzothiazole and its deriva-
and some o£ the faster aldehydeamines.

Such as butyralddbyde-aniline, ethylidene-

aniline and heptaldehyde-aniline.

Cf, T. Callan and N. Strafford, J. Soc. Chenx
Ind., 43T, 1 (1924).

«»Z. angew. Chem,, 36, 391 (1923).
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are added .3 to 4 drops of a 10 per cent copper sulfate solution, together

with 5 cc. 'of concentrated sulfuric acid. The mixture is heated over a

free flame until the liquid becomes clear.

Figure 57

—

Micro-Kjeldahl apparatus

Durino- the time of decomposition, the boiling flask A (250 cc.) is filled

with about 100 cc. of water, which has been slightly acidified with dilute

sulfuric acid. Several porous tile chips are also added to the flask to pre-

vent bumping. The water in flask A is now vigorously boiled, and the

steam is passed for several minutes into a second micro-Kjeldahl flask

which has been inserted into the assembled apparatus. This procedure is

necessarv in order to flush out the apparatus before inserting the Kjeldah!

flask containing the decomposed sample. The rubber connection be-

tween flask A and the deliverv tube is broken and 4 cc. ot O.LY siiltiiric

acid are added to the beaker D, which is adjusted so^that the end of the

deliverv tube dips beneath the surface of the liquid. 1 he empty Kjeldau.

flask B, which has been used up to this time, is then exchanged for the

one which contains the decomposed sample and to which has been prc-

viouslv added distilled water (about 10 cc.) sufficient to permit the

steani'deliverv tube to dip beneath the surface of the liquid. The funne;

C. which is provided with a glass stopcock, is then filled with 50 per cent

=odium hvdroxide solution, and, by opening the stopcock, the solution is

allowed to flow into the flask B until a black precipitate of copper oxide

appears (about 2 to 5 cc.).
u- i v i

The apparatus is now connected to the steam generator A, which has bee.,

kept in operation, and the ammonia in the Kjeldahl flask is earned into the

beaker D bv means of a strong current of steam. During the entire operation,

it is essential to have a rapid stream of cold water flowing through the con-

denser The time of distillation varies with the ammonia content ot the

solution in the Kjeldahl flask. Even when several milligrams of nitrogen are

present, the distillation never requires more than 10 minutes, and is not to ht

continued longer than is necessary. In order to determine whether or not the

distillation has been completed, the support is lowered, the tube is rinsed, anu

the end of it is touched with a strip of red litmus paper. Should this turn

blue, the necessitv of further distillation is indicated. In this case, the litmus

paper is thoroughly rinsed, the washings being retained in the beaker.

The titration of the contents of the receiving vessel D is carried out with a

microburet; that is, a capillarj- tube of about 2 to 3 cc. capacity, graduated
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’!!
hundredths of s. cubic centimeter, and filled from below by means of a

ftiiinel tube connected to the buret with a stopcock. In order to obtain accu-

rate results, it is preferable to make but one filling of the buret, and to provide

:lie solutions to be titrated with the necessary indicator before each deter-

niinatiou. One must also be certain that the reagents which are used are free

from nitrogen. This is especially true in the case of the sulfuric acid which

is used for blank determinations. The stopcock of the microburet must not

lie greased, because the introduction of grease into the capillary causes a
iiicrhly undesirable retention of drops.

The titration can be carried out iodonietrically by titrating with sodium
thiosulfate (using starch as the indicator) the iodine liberated according to

the following reaction :

5 KI + KlOa + 3HaS04 = 3K.S04 + 3H.0 -f 61

The excess of sulfuric acid can also be determined volumetrically, using
9.LV sodium hydroxide and methyl orange as the indicator.

In addition to the nitrogen content, attention must also be given to a pos-

sible metal content of the acetone extract. The presence of metals can be
readily established by careful ashing.

If the presence of an accelerator has been established, the procedure of

D. F. Twiss and G. Martin for the recognition of its nature is followed.
Nitroso accelerators are recognized by the characteristic color of the acetone

extract. In the presence of para-nitrosodimethylaniline, the acetone extract

is colored yellow to dark brown, depending on the quantity of this substance

present. If this accelerator is present, boiling of a rubber sample with dilute

hydrochloric acid (1 : 2) under a reflux condenser produces an acid liquid,

which, when treated with a small quantity of a solution of hydrogen sulfide

and a solution of iron chloride, gives a blue to green color. The acetone ex-

tract also gives the same reaction. During vulcanization, para-nitrosodi-

methylaniline yields some para-aminodimethylaniline, which in the course of

the above described treatment is converted to methylene blue. Nitroso com-
[(Oiinds can further be detected by taking up the dried acetone extract with

dilute hydrochloric acid and allowing the solution to react with metallic zinc

for a short time. In this operation, the nitroso compounds are reduced to

aromatic amines which, after being diazotized and coupled with phenols,

yield red or blue colored solutions or precipitates.

Aldehyde-ammonia derivatives (hexamethylenetetramine and similar com-
pounds) are detected by extracting a rubber sample under a reflux condenser

with water, and testing the resulting solution for ammonia with Nessler’s

reagent. In addition, 5 grams of rubber are boiled for several hours under a

reflux condenser with dilute hydrochloric acid (1:2). A portion of the

filtered acidic liquid is treated with sodium hydroxide until an alkaline re-

action is obtained, the resulting solution is subjected to distillation, and the

distillate is tested for ammonia or volatile amines. A positive reaction for

the above substances indicates the presence of furfuramide, hydrobenzamide,

alkylamines, alkylammonium-dithiocarbamates, or urea. Another por-

tion of the filtered acidic liquid is carefully tested by smelling of it. If

accelerators of the thiocarbanilide type are present, the characteristic odor
of phenyl mustard oil (phenyl isocyanate) is detected. If this odor cannot be

^ Gumffii-Ztg., 35, 1151 (1921); also J. B. Chemical Catalog Co., Inc., New York, 1922.
Tuttle, “The Analysis of Rubber,” p, 94,
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detected, the liquid is cooled in an ice bath and diazotized with a cold dilute

solution of sodium nitrite. A test portion of this mixture is then shaken

with a solution of h£?/G-naphthol dissolved in an excess of sodium hydroxide.

If the liquid is colored red or a red precipitate is produced, primary amine?

are present; that is, in the rubber compound there are present free aromatic

bases such as aniline, toluidine, pa-a-pher!ylencd**amir.o,^or derivatives of siicli

bases, such as their condensation products wiih aldc-bo'dcs (anhydroformalde-

hyde-aniline or formaniline, methylene aniline, and benzylidene aniline) or

with carbon bisulfide (of the type of thiocarbanilide). Substances such as

triphenvlguanidine must also be considered.

Even though the above analytical scheme is satisfactory in many cases,

the situation is frequently complicated by the fact that pure accelerators are

not always used, but rather mixtures which are prepared by heating organic

bases with sulfur. The fact that accelerators of the dithiocarbamate type,

which are prepared from alkylamines by heating with carbon bisulfide,* are

destroyed at vulcanization temperatures, has previously been mentioned.

A method * which is useful not in the analysis of rubber compounds but rather for the

identification of organic accelerators when available in their commercial forms is that of

K. Shimada [/. Soc. Chem. hid., Japan, 36, Sunni, binding 82 (1933); Rubber Ape

I London I 14, 275 (1933)]. The method ‘A the fact that most accelerators give

colored complexes with organic cobalt salts. In the procedure used, 0.05 gram of the

purified sample is dissolved in 10 cc. of benzene, and several drops of a one per cent

solution of cobalt oleate in benzene are added. The reader is referred to the original ar*

tick for information regarding the different colors formed when various accelerator>

are present

As discussed in the section on microscopy, many acceleratrys can also be identified h
the colors which they exhibit when exposed to filtered ultra-violet light. (See page 643.'

Rubber Resins

An approximate value for the content of so-called ‘'rubber resins,” which

seem on the basis of our present knowledge to be only remotely related to

actual resins (see p. 315), can be obtained by difference in the case of a simple

rubber compound. The values which have been determined for the individual

constituents of the acetone extract are added, and the sum is subtracted from

the value obtained in the determination of the acetone-soluble constituents.

In the case of complex rubber mixtures, it is a futile task to attempt to calcu-

late even an approximate value for the resin content.

Determixatiox of the Chloroform-soluble Constituents

The acetone-extracted rubber sample, without being dried, is immediately

extracted with chloroform for 4 hours in the extraction apparatus in the

same manner as previously described for the determination of the acetone-

constituents (see p. 359). The solvent is then distilled on the water

bath, and the flask, together with the residue, is dried to constant weight in

an oven at ICX)® C.

If the chloroform extract exhibits fluorescence, or if the color is darker

than straw-yellowq the rubber material contains bituminous substances. As-

phaltic substances and tar products may be present, if they have not already

g.)ne into solution in the treatment with acetone. The contents of the flask

are then boiled with normal benzine and allowed to stand 12 hours. The

• Translator’s Note.
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-qnlution is filtered, and the flask, as well as the filter, is washed several times

\xith small portions of benzine. The residue on the filter is redissolved in the

liask with warm benzene, the solvent is evaporated, and the flask and contents

are dried in an oven at 100'' C, to constant weight. The substances insoluble

in benzine are terined hard asphalt.

Jn connection with the chloroform extract, it must be remembered that

soft rubber goods, even when normally vulcanized, are dissolved by chloro-

form in small quantities. According to experience, 4 to 5 per cent,"^ based

on the pure rubber content, can be dissolved. If this limit is exceeded and
the presence of bituminous substances cannot be detected by the color of the

tliloroform extract, considerable quantities of rubber have gone into solu-

tion. This indicates either that the sample being tested has not been vul-

canized to the proper degree, that it contains reclaimed rubber, that it has

been damaged by excessive mechanical working during the process of manu-
facture, or that it is badly aged.

If bituminous substances are to be determined in unvulcanized rubber com-
pounds, the material must be vulcanized before the extraction with chloro-

form.

Extraction with 0.5 N Alcoholic Potassium Hydroxide

Alcoholic potassium hydroxide dissolves the major portion of the oxidized

fatty oils and the white and brown factice from the rubber sample, which has

already been extracted with acetone and chloroform. In addition, the pro-

teins (naturally occurring substances accompanying the rubber hydrocarbon
)

,

casein, wool, and portions of phenolic resins are dissolved.

The rubber sample, after having been extracted with acetone and chloro-

form, is dried at 50° to 60° C and is treated, immediately after drying, with

50 to 100 cc. of benzene in a 200 cc. Erlenmeyer flask.^®

After standing for at least 12 hours, 50 cc. of a hot alcoholic potassium
hydroxide solution (approximately 0.5 N) are added to the warm swollen

rubber, and the mixture is boiled from 4 to 6 hours under a reflux condenser.

The rubber is then separated from the solution by filtration, and is washed,
first with hot absolute alcohol and later with hot water, until no further ex-

traction takes place. This washing operation is carried out by squeezing and
pressing the rubber in a porcelain mortar. The united washings are combined
with the filtrate and evaporated almost to dryness. The residue is taken up
with about 100 cc. of water, is transferred to a separatory funnel, and, after

being acidified with dilute sulfuric acid, is extracted with ether as long as

portions of the water solution are extracted by the ether. The united ether

extracts are freed from acid by washing with water, and are then evaporated
to dryness in a weighed Erlenmeyer flask provided with chips to prevent

bumping. The flask containing the residue is dried to constant weight in an
oven at 100° C.

The approximately 0.5 N alcoholic potassium hydroxide is prepared by
dissolving 30 grams of potassium hydroxide (purified by means of alcohol)

in an equal quantity of water, cooling, and diluting the solution to 1000 cc.

with absolute alcohol.

According to J. B. Tuttle (“The Analysis of cent of chloroform-soluble constituents.
Rubber/’ p. 71, Chemical Catalog Co., Inc., se xhe “standard” extraction apparatus without
Nw York, 1922), normally vulcanized, un- the syphon cup (.see p. 360) can he used to

•addized soft rubber contains from 1 to 3 per advantage for tliis purpose.
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For the determination of the sulfur combined with organic compounds in

the potassium hydroxide-solulde portion of the rubber sample, the procedure
followed is the same as that used for the determination of the sulfur content
of the acetone extract [see p, 361). It is to be observed that the oxidation
with nitric acid-bromine mixture alone is not sufficient, but that the second
or third procedure must be followed, since otherwise the danger arises tlia"

some sulfur ciim])ined as sulfonic acids will escape precipitation with barium
chloride.

As already mentioned, the alkali extract also contains proteins. In order
to calculate approximately the quantity of the oxidized oils or white and
brown factice, the approximate protein content must be known. This is

obtained by detemiining the nitrogen content of the alkali-soluble portion of

the riiljber compound by the micro-Kjeldahl method previously described

i see p. 369), and multiplying the resulting value by the figure 6.25. By sub-

tracting this value from the total quantity of the alcoholic potassium hy-

droxide extract, the value for the approximate content of oxidized oils or

white and brown factice in the rubber sample can be obtained (taking into

account the fatty acids and oleic acid found in the acetone extract).

Phenolic resins cannot be determined quantitatively. Their presence is

recognized by the odor of the alkali-soluble constituents.

Determixatiox of the Total Quantity of Pigments'*^
AND Other Fillers

In the simplest method for determining the pigment content, the weighed
sample (1 to 2 grams) is ashed in an open crucible. The crucible (of about
45 cc. capacity) is placed on an asbestos mat containing a hole about 15 cm.
ill circumference. The bottom of the crucible is heated cautiously with a

small Bunsen flame until no more decomposition products of the rubber
escape, after which it is ignited at red heat on a clay triangle to constant

weight.

Obviously this simple procedure is only applicable if the rubber compound
contains no substances which are volatile or are changed under these condi-

tions. Combustible substances, such as carbon black and cellulose, are not

determined in this way. Moreover, many commonly used inorganic com-
pounds suffer extensive changes in the ashing process. Thus, for example,
sulfides are converted into oxides, carbonates split off carbon dioxide and
cinnabar volatilizes completely. For this reason, in the determination of the

total quantity of pigments in soft rubber goods, methods involving the solu-

tion of the vulcanized rubber are usually emplo3’ed.
In carrying out the determination by this method, one gram of acetone-

and chloroform-extracted rubber is dried at 50° to 60° C. and is immediately
placed, together with 25 cc. of '‘liquid paraffin D, A. B. 6'’ or petroleum (the

fraction boiling at 230° to 2(^° C.), in a dry, weighed flask of about 2CX) cc.

capacity, provided with an air condenser. The mixture is heated with con-

stant vigorous stiijing until all of the rubber has gone into solution. After

cooling, the flask is nearly filled with benzene and allowed to stand 24 hours

* Translator’s Note, The word “pigment” as
used throughout this section does not carry the
same significance as in the paint industry, for
instance, but refers rather to a finely divided
compounding ir.gredien^^ for rubber. Examples
or pigments are gas black, zinc oxide, whit-
ing and other reinforcing and non-reinforcing

ingredients. Although the word “pigment” is

commonly employed in the rubber industry, its

xt... 1 +,,.-0. ;c avoided bv many writ-

appears
times in the section ‘ be

as a Dispersing Med
which was translated by
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<3 order to permit the finely divided pigments to settle. The supernatant

iJcuid is then decanted and filtered with suction through a dry, weighed

Gooch crucible provided with a double filter plate and a long-fibered asbestos

filter bed. The filtrate is poured back over the filter repeatedly until it runs

through perfectly clear. The contents of the flask, as well as the residue on

the Gooch crucible, are repeatedly washed with hot benzene until the filtrate

is no longer colored. The washing is then repeated several times with alcohol

and ether, and the flask and the Gooch crucible are dried in an oven at 100° C.

If the equipment is available, it is more desirable to centrifuge the suspension

c^'eral times and decant the solution each time than to filter it. The paraffin-oil

or petroleum solution of rubber is diluted to 100 to 130 cc. with benzene, and
the solution is centrifuged about 20 minutes. The clear liquid above the

pigments, which cling to the bottom of the vessel, can now be poured off.

the residue in the flask is boiled with benzene, and the precipitate on the

liottom of the flask is stirred during the boiling. The suspension is again

centrifuged. Moreover, the entire ccmtri fug-ng process may be repeated once

or twice. Finally, the residue is washed with petroleum ether, alcohol, and
ether, and the flask and its contents are dried.

In addition to the use of paraffin oil and petroleum, the separation of the

vulcanized rubber from the pigments present can also be carried out in an

raitoclave, with xylene, according to Frank and Alarckwald.^' It must be

mentioned that in the methods described above certain discrepancies in the

results may arise from the formation of colloidal solutions in the presence of

heavy metal compounds, especially lead sulfide. The formation of colloidal

H'lutions can be recognized by the dark color of the solutions of vulcanized

rubber after filtering or centrifuging. In order to determine the quantities

nf such pigments (which quantities are in general very small ) the solutions

are evaporated on the sand bath in a porcelain crucible, and are then ashed
carefully.

If the rubber compound contains pigments, such as antimony pentasulfide,

which decompose at the temperatures required for the solution of the vul-

canized rubber in the liquids mentioned above, anisole may be used as the

solvent. This liquid dissolves the rubber at 100° to 120° C. Since the pres-

ence of antimony pentasulfide makes the filtration of the solution very dif-

ficult, the separation of the pigments after dilution with ether is accomplished
liv centrifuging. It is to be emphasized, however, that the use of anisole is

inadvisable when the rubber samples contain litharge, since the formation of

lead phenolate leads to errors in the results.

If the compound contains highly dispersed (exceedingly fine) pigments, the
above solution methods are not applicable, since a separation of these pig-

ments is usually not possible by means of filtration or centrifuging. In cer-

tain cases, the method of ashing in nitrogen, which was proposed by Goldberg,
gives rapid results. This method can also be used to advantage with hard
rubber samples.

One gram of the dried acetone- and chloroform-extracted rubber sample
is weighed into a porcelain boat, which is placed in a combustion tube through
which a rapid stream of pure dry nitrogen is passed, in order to displace the
air. The ashing is carried out in the nitrogen by first heating that part of
the combustion tube behind the boat (towards the end of the tube at which
the gas leaves) with a Bunsen wing-top burner, then cautiously and pro-

gressively continuing the heating of the space ahead of the boat, and finally

22, 134 ( 1908).
'
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heating the boat itself with two more wing-top burners. All unnecessary

riverlieatiiig of the tube is to be avoided. The ashing is pmplete as soon as

no more vapors are carried out by the nitrogen. To facilitate the flow of the

gases, the combustion tube is placed in a slightly inclined position. The por-

celain boat is allowed to cool in a stream of nitrogen, and the quantity of the

remaining residue is determined by weighing.

Since all of the above-described methods for the determination of the total

quantitv of pigments in the rubber samples are carried out on acetone- and

chloroform-extracted rubber, the results .must be recalculated to convert them

to the basis of the original sample.

Ill cases in which none of the above-described processes are applicable, the

individual pigments must be separately determined according to the methods

to be described.

Sulfur Determination

Total Sulfur

For the determination of the total sulfur of a rubber compound, the method

of J. Rotlie is most suitable.

One gram of the rubber sample to be analyzed is placed in a 200 to 250 cc.

round-bottomed Pyrex flask containing 1 gram of magnesium oxide, and is

treated with 30 to 40 cc. of nitric acid (specific gravity 1.48). The oxidation

is started by warming on the water bath. In the case of compounds contain-

ing only small quantities of pigments, it is advisable to treat the sample first

with dilute nitric acid for a mixture of dilute and concentrated nitric acidi

on the water bath, and then to add the concentrated acid. The contents of

the flask are kept at incipient boiling by moderate heating of the flask on the

sand bath for 1 to 2 hours. At the end of this time the excess of acid is evapo-

rated over a free Bunsen flame, while the flask is continuously rotated. The

residue is further heated over a single burner, and later over a triple burner,

until brown fumes are no longer liberated. The residue must contain no car-

lionized portions. If such are present, the treatment with nitric acid must be

repeated. After oxidation, the contents of the flask are taken up with 5 cc.

of concentrated nitric acid and diluted with water, and the undissolved

substances are filtered.

After evaporating the filtrate to dryness in a porcelain evaporating dish,

the residue is dried for two hours in an oven at 135® C., moistened with con-

centrated nitric acid, arid taken up with water. After filtering off any in-

soluble substances, the filtrate is evaporated to dryness in a porcelain dish,

and is then evaporated three times to fumes with 5 cc. portions of concentrated

hydrochloric acid. The residue is finally taken up with 5 cc. of concentrated

hydrochloric acid. x\fter diluting with water to about 100 cc., the solution

is treated at the boiling temperature with hot barium chloride solution and is

allowed to stand over night. The precipitated barium sulfate is filtered,

washed free from chlorine, ashed, and weighed. In the case of rubber

samples with a high sulfur content, it is advisable to dilute the solution con-

taining sulfate to a volume of 250 to 500 cc. before precipitating with barium

chloride, and to use only a portion of this liquid for the sulfur determination,

With rubber compounds which contain no antimony and no silicates whicli

would decompose under the conditions described above, the procedure can be

correspondingly simplified.
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Tl insoluble residue remaining after the decomposition (according to the

Id f Rothe) is carefully ashed in a crucible placed on an asbestos wire
jicilio 0

^^ fused with five to six times its weight of sodium

m carbonate. The fused mass is taken up with hot water, and the
^otasbiu

ri, filtrate is acidified with nitric acid and evaporated

'"^T^ness and the residue is heated for 2 hours in a drying oven at 135"^ C.

cid is added, and the solution is diluted with water and filtered to

tom any silicic and antimonic acids. The filtrate is evaporated to dry-

h a porcelain dish, further evaporated three times to fumes with hydro-

ic acid and is then taken up with hydrochloric acid. The sulfuric acid

"^'Tined in the solution is finally determined in the manner described above.

her of methods * for the determination of total sulfur have recently been de-
A

based on the oxidation of the sample with perchloric acid has been

t K WolLnsky Unci. Eng. Chem., 20 , 1234 (1928); Rubber Chem. Tech.^

Tbe procedure is as follows:
^ ^

i 1 trram sample of the finely divided or crumbled rubber in a t-OO to bOO cc.

flask (the larger size is preferable) add 10 cc. of a 41 per cent solution

'•nJrk acid (1 volume concentrated acid and 1 volurne water) and heat on a steam

1 or 2 minutes until brown fumes appear and the reaction has subsided. Ihen

M in rr of concentrated nitric acid and continue heating for about !:> minutes more

1 the mbte rnearly or entirely dissolved.. .Add 5 cc of a 60 per cent solution oi

w L arid set the flask in an inclined position on asbestos gauze, and heat with a

^™r to (fade boiling until dense white fumes appear and the solution (m absence oi

;Sle Sanic compounds) is clear and colorless or .nearly so. At this point it may
...suiubie 1110 g perchloric acid (3 to 5 cc.) if free carbon is present, or, in
tueiebsay

.p^gpjnirate'^ the carbon may be filtered off later. When all organic

beeVc^x^dizcd.^aliow to cool somewhat, add slowly 5 cc. of concentrated hydro-

dfric acid and'once more heat until white fumes appear, then allow to cool lor a mw
rC- L and wash into a beaker. If the solution is clear it may be heated at once i arter

Twtn ab^ut 200 cc), treated with barium chloride, and the precipitate separated and

.c hariim the usual manner. If the original free carbon oi the

if 'rtaf not been completely oxidized, and it is known that no other insoluble matter

enf the off and the filtrate then treated fur suhates as be-

'-e If the liquor resulting from the oxidation of the rubber contams_an insulublc re,i-

and it is known to be Snly barium sulfate, this may be filtered oft, washed, ignited,

f I’Sthed as bSuffi sulfate; or the insoluble residue, whatever its nature, may be

*Wd off washed, dried, and fused with sodium carbonate, aiter which it is examined

'^fsulfates and possibly also for metals, according to the usual methods in such cases.

=
fate mav also be extracted from any insoluble residue by boiling with sodium car-

inSf In either event, however, the filtrate from such insoluble residue should always

liicribed by B. Saladini {Giorn. chtm. tnd. apphcaia, 13 ,
409-441 (19o } ,

"iv/i S ^16 (193211. The procedure is as follows:

"Weigh 01 to 0 3 gram of finely divided rubber directly in a platinum or a quartz

Jbtet the calorimetric bomb, .add about 1 cc. ’T dSined"wato'’Tn the
4e liquid for the purpose of ignition, and after putting 5^'

.
. „„ssure and

Mtm of the bomb, close the latter, fill it with oxygen to 30 atmospheres pressure, and

dise the electric circuit.
. ^ a-nri nnf-n

“After the combustion is over, cool the bomb, allow the gas to esc p j

,

tislxiinb after twenty to thirty minutes. It is not necessary to
^

tkffl of sodium carbonate to catch any sulfurous gas nor to ox
comolete

rater and to add this liquid to the main solution because
cvhw4 crac ble

After the bomb is opened, wash it carefully -with hot watw, wth the cruc

aid collect the wash waters in a 300 to 3S0 cc. beaker. Free pi
•

, ^teeli filter
trim of iron present (the iron spiral and lining of the bomb >1^
iddity with hydrochloric acid, and determine the sulfur g y

sulfate.”

* Translator’s Note.
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Combined Sulfur in Mineral Pigments

For the determination of the sulfur present in inorganic compounds, a

weighed quantity of the residue obtained from the pigment determination bv

the soiiitioii method (see p. 374) is transferred to the flask shown in th-

apparatus in Figure 58. The 10-bulb tube is provided with 50 cc. of a hydro-

chloric acid-bromine mixture,^® and carbon dioxide is conducted through the

apparatus for some time. The dropping funnel A is filled with concentrated

hydrochloric acid, which is forced into the flask by opening the stop-cock at

:ne hott-on; of the funnel and introducing carbon dioxide under pressure at

the top. The dropping funnel is then filled with a mixture consisting of equal

parts of concentrated hydrochloric acid and of hydrochloric acid having a

specific gravity of 1.19. This acid mixture is transferred to the flask by the

same method described above. After the evolution of hydrogen sulfide has

subsided, the flask is slowly heated to the boiling temperature and boiled for

some time. After the contents of the flask have been allowed to cool while

passing a steady stream of carbon dioxide through the apparatus, the liquid

in the bulb tube is washed into a beaker. The solution is concentrated, and the

sulfuric acid formed is precipitated (while hot) with barium chloride solii-

Figure 58

—

Apparatus for sulfide-sulfur

determination.

tion. If the residue from the pigment determination contains iron oxide, it

is necessar}' to add a considerable quantity of stannous chloride or metallic

zinc before the decomposition with hydrochloric acid.

The contents of the decomposition flask are filtered. The filtrate contain-

ing the soluble sulfates, after the addition of some sodium chloride, is evapo-

rated to dryness. The residue is heated for 2 hours in a drying oven at

135° C, and is taken up with hydrochloric acid and water. The resulting

solution is filtered. The sulfuric acid present in the filtrate is then precipitated

with barium chloride. If antimony is present, it must be removed before

precipitating the sulfates with barium chloride. The method for removing

antimony was described under the determination of total sulfur by the Rotlie

method (see p. 376).
The acid-insoluble pigments, remaining after the decomposition with

hydrochloric acid, are decomposed by fusing them with sodium potassium

carbonate. The fused mass is extracted with hot water, and the alkaline

solution is filtered and oxidized with hy’drogen peroxide. The solution is

then acidified with nitric acid and evaporated to dryness in a porcelain dish.

The residue is dried in a drying oven at 135° C. for 2 hours. The procedure

is then the same as that described for the insoluble residue under the de-

termination of total sulfur {see p. 377).

13 grams of bromine in 1 liter of hydrocliloric acid (specific gravity 1.13).



DETERMlNAriON OF SULFUR 379

From the sum of the weights of barium sulfate obtained by the above

operations, the total quantity of combined inorganic sulfur in the rubber

c^ound can be calculated.
^

If only the total quantity of combined inorganic sulfur is to be determined,

and there is no interest in distinguishing the sulfur present as sulfides from

that present as sulfates, the following procedure can be followed:
' A weighed quantity of the residue from the pigment determination accord-

ing to the solution method (see p. 374) is mixed in a crucible with 4 to 5

times its weight of sodium potassium carbonate and a little sodium peroxide

and is heated carefully until the mixture is entirely fused. The cooled mass

is extracted with hot water and filtered, and the alkaline filtrate is oxidized

with hydrogen peroxide. The solution is acidified with nitric acid and evapo-

rated to dryness in a porcelain dish. The residue is dried for 2 hours in a

drying oven at 135° C. The succeeding operations are carried out in the

manner described for the insoluble residue of the total sulfur determination.

iSee p. 377.)

Sulfur Combined with Rubber

In rubber compounds which contain only sulfur and rubber, or compounds
in which no sulfides or sulfates are present (either added as such or formed
during vulcanization), the determination of the sulfur combined with the

rubber is a relatively simple procedure. The rubber sample is extracted with

acetone, and any factice present is removed with an alcoholic solutirui of

potassium hydroxide. The sample, w^hich has been washed free from alkali

while being rubbed in a porcelain mortar, is analyzed according to the pro-

cedure for the determination of total sulfur (see p. 376).

In the case of complex rubber compounds, for which the above method is

not applicable, the sulfur combi laed with rubber must be calculated by dif-

ference in the following manner :

The values obtained for free sulfur (see p. 361), for combined inorganic

sulfur (see p. 378) and for sulfur in the alkali extract (see p. 374) are added,

and the sum is subtracted from the value obtained for total sulfur (sec p.

3?'6).*

Determination of Selenium

For the determination of the selenium content, the process of E. H. Shaw
andE. E. Reid is followed. In this method, 0.5 to 1 gram of the rubber sam-
ple is mixed in a crucible with 0.5 gram of cane sugar, 0.2 gram of potassium
nitrate, and 14 grams of sodium peroxide, and the mixture is covered with a

thin layer of sodium peroxide. The mixture is fused in the usual manner.
The cooled mass is dissolved in water. The solution, after filtration if neces-

sary, is heated to boiling to destroy the excess hydrogen peroxide. After
cooling, the solution is acidified with hydrochloric acid and diluted with water.

The selenium is now present in the form of selenic acid, and can be determined
as the element selenium in the following manner :

Concentrated hydrochloric acid is added to the solution, which is then
covered with a watch glass and heated to boiling. Sulfur dioxide is led into

the solution (which is hot but not boiling) until the precipitate has agglom-
erated into a lump and the supernatant liquid has become clear. After the
water used in rinsing the watch glass has been added to the solution, the latter

is further diluted and is then filtered through a Gooch crucible. The beaker
* nSw also method of W. J. Kelly, India Rubber ”7. Am. Chem. Soc., 49, 2330 <1927).
World, 63, 175 (1920); 65, 491 (1922).
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i? freed from adhering selenium with alcohol. The contents of the crudtr®
are washed first with alcohol, then several times with water, and are
dried at 110*^ to 120^ C. to constant weight

In place of sulfur dioxide, the selenium can also be separated bv ineaiK ,

•

potassium iodide. For this purpose, 50 cc. of concentrated hydrochloric
ac*'^’

and 3 grams of potas?i::m iodide are added to the solution, which is

Ijoiled gently imt'l ail tie iodine is removed (2 hours). Evaporation
are replaced urith distilled water. Vigorous boiling of the solution is to" ^
avr :::c d. 'rire precipitated selenium is filtered through a Gooch cnidble
:reviaL:s!y described, washed with alcohol and water, and dried at ilQi
to 120^ C.

Determination of Chlorine

The determination of the chlorine content of cold-vulcanized rubber coir-
poiiiids, or of those containing white factice, is carried out according to tV
method of Henriqiies. One gram of the original sample is first fus^d w'F
a mixture of saltpeter and soda (free from chlorine). The carbon-free nia^
is taken up with water, the solution is filtered, and the filter is washed \vTr
Iiot water. After the filtrate has been acidified with nitric acid and lioiled

25 cc. of a 0.1 N silver nitrate solution are added. The solution is brouo-j-
once more to boiling, and the excess of silver nitrate is back-titrated by ineam
of a 0.1 iV ammonium thiocyanate solution, using ferric ammonium sulfate
as indicator.

In the case of cold-vulcanized rubber samples, it is sometimes desirable t-

obtain an approximation of the amount of chlorine which is combined wiA
the rul)ber, in addition to the amount which is present in the white factice
For this purpose the sulfur combined with the rubber is determined, as di-
rected on p. 379 under “Sulfur Combined with Rubber.” The equivalem
chlorine content is calculated from this value.

Determination of Carbonic Acid
hor the determination of the amount of carbon dioxide combined with

mineral pigments, o to 5 grams of the original, finely divided rubber sample
are decomposed in a flask by heating with a solution of hydrochloric acih
containing mercuric chloride, while passing through the solution a stream of
air free from carbon dioxide. The liberated carbon dioxide, after beinc
pasr-ed through a calcium chloride tube, is collected in a potash bulb or sodr.
lime tube and weighed.

In order to obtain better penetration of the rubber by the acid, Pearson
used acetic acid in place of hydrochloric acid for decomposing the carbonates.
The first part of the apparatus proposed by him consists of a flask provided
with a short reflux condenser.^ The condenser is connected to a U-tube con-
taiiimg solid lead acetate. This tube is followed by another U-tube, one arm

^ which is^filled with sodium ^acetate, and the other with calcium chloride.
absorption of^the carbon dioxide takes place in a soda-lime tube. Diiring

the entire determination, carbon dioxide-free air is passed through the ap-
paratus. 4 ,

*

Andysi, 45, 40S (1921)).
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Determination of Glue

The approximate quantity of glue in a rubber compound can be calculated

cither from the nitrogen content obtained by a Kjeldahl nitrogen determina-

ri.iii p- 351) on the original sample, or, in the case of samples containing

'I'cderators and antioxidants, from the results of a nitrogen determination

"n the acetone-extracted rubber sample. The rubber content of a sample

7:ust he known before the glue content can be calculated, since rubber always

enriaios proteins as accompanying substances. The nitrogen content of the

niost widely used types of Hevea rubber varies between 0.3 and 0.6 per cent

of the rubber. An average value of 0.5 per cent nitrogen can therefore

jdierally be assumed. The small quantities of nitrogen compounds removed

trom the rubber during the extracting with acetone can be left out of con-

sideration. From the total percentage of nitrogen thus determined is sub-

tracted 0.5, which is the percentage originally present in the rubber sample.

The result, when multiplied by 6.25 (the factor corresponding to the average

nitrogen content of proteins), gives the approximate content of dry glue or

jtelatin in the rubber compound. In order to gain information regarding the

type of glue present, the ash of the rubber sample is tested for phosphorus,

which is to be found in considerable quantity when bone glue is used.

For the qualitative detection of glue, Epstein and Lange heat the rubber

sample with cresol at 120"^ C. for 16 hours, during which time the rubber

ffoes into solution. The swelled mass is then diluted with petroleum ether.

The glue and other insoluble substances are precipitated. After tlie super-

natant liquid has been decanted, the residue is filtered through a Gooch cru-

cible, washed with petroleum ether and hot benzene, and dried. The material

thus prepared is boiled with water, and the filtered solution is tested with

tannin.

In case the qualitative examination gives no evidence of the presence of

glue and the nitrogen determination indicates larger quantities of proteins

than are naturally present in the rubber, casein and leather flour may be

present. Casein is detected by treating the acetone-extracted rubber sample,

or the residue prepared according to the method of Epstein and Lange, with

dilute ammonia or alkali, approximately neutralizing the solution, and apply-

ing the Adamkiewiz test. In this test a solution of glyoxylic acid in con-

centrated sulfuric acid is added to the neutral solution to be tested in such

a manner that the acidic solution forms a layer on the bottom of the tube.

In the presence of casein, a stable violet color appears at the zone of contact.

The presence of leather flour is confirmed microscopically in the pigments

btained according to one of the solvent methods {see p. 374).

Determination of Cellulose

Cellulose may be present in rubber goods in two forms,^^ either as cotton

or other waste, or in the form of continuous fabric (as in rubber articles with
iabric plies or in rubber-coated products).

If the ratio of fabric to rubber is to be determined, and later also the con-
struction and the weight of fabric per square meter (or square yard), a

^ India Rubber Worlds, 61 , 216 (1920). & Co., Philadelphia, 1913; see also J. Biol.

Chem., 6, 51 (1906).
. . .

“Commercial Org'anic Analysis,** 4th For information concerning the determination
Edition, VoL VIII, p. 40, P. Blakiston’s Son of cellulose derivatives see i»ge 364.
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iiietho<l is used which is very similar to the solvent method for determining^
pi,laments in riihljer.'^'^ In the case of articles heavily coated with rubber the
first step is to remove the rubber (as completely as possible without injuring
tlie fabric j from a sample of known dimensions and known weight. The
sample thus prepared, or the original sample (in the case of fabrics
heavily coated } is heated with a high boiling petroleum fraction (230^ m
260^ C.) until the rubber has dissolved. If necessary the heating mav k'
carried out in an autoclave with benzene, or preferably xylene. The fabric
after being washed with benzene and ether and then dried, retains betweer
the threads certain pigments. It is therefore necessary to heat the fabric
first with soda solution and then with dilute acetic acid, and finally to wash
thoroughly with water. The sample is then dried and weighed' at 100® C
The cellulose is finally burned, the loss on heating being considered water-
free cellulose. By adding 8.5 per cent to the value obtained, the results can
be calculated to air-dried fabric. The method is obviously only appiicafle
when the rubber compound does not contain combustible pigments such a-

carbon, or substances which contain chemically combined water or carbor
dioxide. In these cases the methods described below, which are intended for

the determination of finely divided cellulose in rubber compounds, must be
used.

According to the method of Epstein and Ivloore/® a weighed sample of the

rubber material is heated in a flask with freshly distilled cresol (boiling point

189^; 25 cc. to 0.5 grams of rubber sample) for 4 hours at 165®* C.
^
After

cooling, 200 cc. of petroleum ether are carefully added with constant shaking,
and settling is allowed to take place. The solution is then filtered throiHi^a
dried, weighed Gooch crucible provided with asbestos,^® and the flask is

washed three times with petroleum ether. The residue is carefully washed
with boiling benzene and acetone. The contents of the flask are treated with
hot 10 per cent hydrochloric acid solution, and are then transferred to the

Gooch crucible, where they are leached at least ten times more with 10 per

cent hydrochloric acid. The material in the Gooch crucible is washed free

from chlorine with boiling water, and is treated with small quantities of

acetone until^ the filtrate becomes colorless. In the same manner the residue
is treated with a mixture of equal parts of acetone and carbon disulfide,

washed with alcohol, dried IVz hours at 105"® C., and weighed. It is stiF.

better to transfer the entire contents of the crucible, with the aid of pincers,

to a weighed watch glass, using the lower part of the asbestos mat to wipe
out the inside of the crucible. The whole is then dried 10 minutes longer, and
after cooling is weighed. The weight of the material on the watch glass is

designated as A {see next paragraph). After this preliminary treatment, the

determination of the cellulose follows.

The contents of the watch glass are treated in a flask with 25 cc. of

“Ktioxatii." After shaking frequently and allowing to stand for 12 hours,

the solution is filtered through asbestos in a dried and weighed Gooch cru-

cible. rile contents of the crucible are first washed with concentrated and

later with dilute Kuoxam solution, and finally with ammonia water until the

filtrate passes through perfectly clear. The crucible is dried to constant

weight at 105®^ C., and after cooling, is weighed. The difference between the

Set page 374 ;
and Porritt, /. Soc. Chem. Ind,,

38, SO (1919).

« hidia Rubber I., 59, 559 (1920).

** The asbestos must be boiled previously will

hydrochloric acid-
See footnote 26 on p. 364, for directions k
regard to the preparation of “Kuoxam.”
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^vei4t of the empty Gooch crucible plus A, and the weight of the crucible

after
dissolving the cellulose with Kuoxam, gives the quantity of cellulose.

Is a check, the cellulose can be determined directly by adding sodium chloride

the Kuoxam solution which has been united with the wash waters, and
precipitating with dilute sulfuric acid. The precipitated cellulose is filtered

with suction through a dried, weighed Gooch crucible, washed with hot water

to the disappearance of a chlorine reaction in the filtrate, dried at 110° C., and
weighed.

The cellulose can also be determined according to the acetylization method.

The contents of the watch glass are treated in a beaker of 50 cc. capacity

nth 15 cc. of acetic anhydride and 5 cc. of concentrated sulfuric acid, and

are digested at least one hour on the steam bath. After allowing the mixture

to cool to room temperature, 25 cc. of 90 per cent acetic acid are added, and

the solution is carefully filtered through asbestos in a Gooch crucible by ap-

plying a slight suction. The residue is washed first with hot 90 per cent

acetic acid, and finally five times with acetone. The crucible is dried for two
hours at 150° C. and w^eighed (after cooling). The quantity of cellulose

rresent is calculated in the manner described under the Kuoxam method.

Determination of Carbon Black

The determination of the carlion present in the form of carbon black is

carried out according to a process developed by Smith and Epstein.'^® One-
half gram of the original rubber sample is extracted for 8 hours with a mix-
ture consisting of 1 volume of acetone and 2 volumes of chloroform. The
>ample is transferred to a 250 cc. beaker and is evaporated on the steam liath

until the odor of chloroform has disappeared. The cooled sample is treated

with several cubic centimeters of cold concentrated nitric acid, and is allowed

to stand for a short time. After the addition of 50 cc. of hot concentrated

nitric acid of specific gravity 1.40, the mixture is heated at least one hour on

the water bath until no further evolution of gas takes place. The hot liquid

i? filtered through a weighed Gooch crucible, as much of the solids as possible

rdng kept in the beaker. The contents of the beaker and of the Gooch cru-

cible are washed with hot concentrated nitric acid. After emptying the suc-

tion flask, the washing is continued with acetone and with a mixture of equal

volumes of acetone and chloroform until the filtrate becomes clear. The
material in the beaker is now treated for 30 minutes on the water bath with

D to 40 cc. of a 35 per cent solution of sodium hydroxide. This operation

can be omitted if no silicates are present in the rubber sample. The solution

is diluted with 60 cc. of hot distilled water and filtered through the Gooch
crucible. After washing the beaker thoroughly with hot 15 per cent sodium
hydroxide solution, the residue is tested for the presence of lead by pouring
a warm solution of ammonium acetate, containing excess of ammonia,
through the Gooch crucible, and allowing the resulting solution to flow into

a sodium chromate solution. If lead is present, the residue, whicb. is quan-
titatively contained in the crucible, is washed with a hot solution of ammo-
nium acetate until the solution coming through no longer causes a turbidity^

m the sodium chromate solution. Thereupon the residue is washed several

times with hot concentrated hydrochloric acid, and finally with warm 5 per
tent hydrochloric acid. The Gooch crucible and contents are dried for
hmxs at 110° C., and, after cooling, are weighed. After burning off the

^Ini. Eng. Chem., 11, 33 (1919).
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cnrlioa at a dull red heat, the crucibje is again weighed. The difference
:::

weight represents approximately 105 per cent of the oidginal ounntit-

carbon in the form of lamp black or gas black. The resulting value :s T;

fore divided by 1.05 to give the per cent of black present.

Determination of Graphite

For the determination of the graphite content of a rubber sample, 0.5 to 1

gram of tlie sample is boiled for 4 hours with 0.5 N alcoholic potassiiin:

iiydrcixide solution. After filtering, the filter paper and the residue are trans-

ferred to a small porcelain dish and evaporated four times to fumes vdO.

nitric acid of specific gravity 1.52. The dried residue is mixed with about ter.

times its weight of lead oxide, transferred to a Hess clay crucible, covere

;

with a layer of lead oxide, and heated in the covered crucible over the bias:

lamp until evolution of gas ceases. After cooling, the crucible is broken ani

the lead regulus found on the bottom is weighed.

Tl-o -o-ght rf X 100 = % free carbon.
3-..' X :::e we:g::t oi t.:e .-aiup.e

Carbon black, if present in addition to the graphite, is also determined by thh

procedure.

Quantitative Determination of the Inorganic Constituents

Survey

The following inorganic constituents may be contained in rubber c* Tri-

pound s :

Antirui !\v ptTUa.siilnde Golden antimony)
Tin

^

Mercnric T- 'Cinnabar)
Lit.;: iixide ' Litnarge)
Rvd lead

VL'i’te liTid ' Ea.^ic lead carbonate)
Lead
LLtramarine
Chalk or Whiting
Lime
Calcium sulfate (Gypsum)
BariiiiTi sulfate (Barytes or blanc fixe)

Magne.-ia iista (Calcined magnesia)

Before the determination of the individual inorganic constituents of a rub-

ber compound can be undertaken, all organic substances must first be re-

moved. This is best done by utibzing the method of J. Rothe, which avoids

the volatilization of certain individual constituents, such as arsenic, antimony

and mercurvr
The weight of the rubber sample for analysis is chosen to give about 1

gram of ash. The weighed rubber sample is placed in a 300 cc. Pyrex roiind-

bottomed flask, together with 10 to 20 cc. of nitric acid of specific gravity 1.48

and 2 cc. of concentrated sulfuric acid for each gram of rubber material, and

is heated on the sand bath for about one hour at a temperature just sufficient

to bring about a constant lively evolution of nitrogen dioxide. The flask is

then lieated more strongly on the sand bath until the nitric acid has been com-

Lead sulfate

Zinc dust
Zinc sulfide

Zinc oxide (Zinc white)
Lithopone
Iron oxide (Red oxide)
Aluminum hydroxide (Clay)
Kaolin
Pumice stone
Rns’c mncrne'^lum carh'^nate

SLirir acid ( i- (:> va.! earth and sa

Asbestos
Talc
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-Idely evaporated, and fumes of sulfuric acid come from the liquid. The
kiting is continued over a free flame, with vigorous shaking of the flask,

iiitil the sulfuric acid boils. The flask is allowed to cool, is inclined, and to

*ae warm sulfuric acid is added 5 to 10 cc. of nitric acid (specific gravitv

[4S). The heating is continued for 1/4 to 1/2 hour on the sand bath with

moderate boiling, until the liquid, which is usually colored dark brown or

Mack, lias become clear. The heating is then continued anew over the free

name' until the sulfuric acid boils strongly. A dark color should not develop

'luring the boiling. If this happens to be the case, nitric acid must be added
akn and the procedure repeated. When the sulfuric acid finally remains

clear on boiling, the main quantity of the acid is evaporated over a free flame,

and the concentrated solution, after cooling, is taken up with water. The
sample to be tested has now been prepared for analysis.

The Insoluble Residue

Any insoluble residue remaining after the decomposition (according to

ihe method of Rothe) is filtered and thoroughly washed It may contain such
inb?tances as the sulfates of lead, calcium and barium, silicic acid or silicates,

antimonic acid and lead antimoniate, and occasionally stannic acid. The
separation and determination of these substances is described below.

Lead. The insoluble residue is boiled several times with a solution of

ammonium acetate in order to separate the lead sulfate, the operation being

repeated until the filtrate no longer gives a dark coloration with hydrogen
sulfide. The residue on the filter is then washed with hot water and is pre-

served for further analysis (compare the procedure described for barium).

In the ammonium acetate solution, which may contain small quantities of

gypsum in addition to the lead sulfate, the precipitation of the lead is accom-
riished with hydrogen sulfide, and the precipitate is filtered and washed with

hydrogen sulfide water. The filtrate is evaporated to dryness in a porcelain

flish. After the ammonium salts have been removed by heating, the residue

is dissolved in hydrochloric acid, and any calcium present in the solution is

ietermined in the manner to be described later. {See p. 389.)

The lead sulfide is dissolved in hot nitric acid. The solution, after the

addition of sulfuric acid, is evaporated, and the excess of sulfuric acid is re-

moved on the sand bath. The residue is taken up with 1 per cent sulfuric

add, and, after standing overnight, is filtered. The lead sulfate is washed
with 1 per cent sulfuric acid. The filter is then carefully ashed in a porcelain

crucible. The ashing is conducted by first placing the crucible on an asbestos

mire screen and heating it until the paper is completely carbonized, then trans-

ferring the crucible to a clay triangle, and finally heating with a free flame
until all carbon has been burned. Excessive heating is to be avoided in order
to prevent reduction and volatilization of the lead. If the residue is not pure
white after ashing, it is evaporated on the water bath with several drops of

concentrated nitric acid, treated with several drops of concentrated sulfuric

acid, evaporated to fumes on the sand bath, and then heated over a small

flame until the bottom of the crucible reaches a dull red heat. The above
operations are repeated until the weight of the crucible becomes constant.

The purity of the lead sulfate is verified by treating it with hot ammonium
acetate solution. Any insoluble residue remaining after this treatment is

filtered, thoroughly washed, heated to redness, and weighed. Its weight is

jjiihtracied from the weight of the lead sulfate.
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Barium. The residue remaining after the removal of the lead sulfate

is ashed in a Rose crucible, and the ash is mixed with 5 or 6 times its quantity

of a mixture consisting of equal parts of sulfur and sodium carbonate. The
decomposition is accomplished by heating the bottom of the crucible care-

fully from below with a small flame, and the cover and later also the sides

from above, by fanning with a large Bunsen flame. The heating is con-

tinued as long as sulfur continues to burn between the cover and the crucible.

The decomposition is finished when no more sulfur clings to the inside of the

cover or on the walls of the crucible. After cooling the crucible with the

cover on, the fused mass is taken up with water, and the solution is filtered.

The filter contains lead sulfide, barium carbonate, and calcium carbonate, as

well as silicic acid and silicates which were not attacked the moderate
heating cm:yb. ryi-i during decomposition. The filtrate contains antimony and
occasionally tin. This solution is saved to be worked up later with the' main
riiiantity the antimony (jcc p. 387).

The residue on the filter is treated with hot dilute hydrochloric or nitric

acid, whereby lead, barium, and calcium go into solution, while silicic acid

or the silicates remain undissolved. The residue, after ashing and fusii\^^

with sodium potassium carbonate, is tested for the presence of bases which

must he determined as such in the course of the analysis. Silicic acid is best

determined mi a separate sample of the rubber. (Sec p. 3S9.)

The acid sfjluticm is treated with hydrogen sulfide after dilution or iieii-

tralizatimi. Any precipitated lead sulfide is converted to lead sulfate in the

manner described under lead f.w p. 385), and is weighed as such. After

expelling the hydrogen sulfide from the filtrate remaining after the hydrogen
sulfide precipitation, the barium is separated from the calcium. When small

f|iiantities of calcium are present, the barium is separated as sulfate. In the

presence of larger rpiantities of calcium, it is best separated as the chromate.

The Filtrate from the Decomposition (According to Rothe’s Method)

Mercury. The solution remaining after the decomposition (according

to the niethofl of Rothe) is treated with hydrogen sulfide. This precipitates

antimony and the elements rarely^ occurring; namely, arsenic, tin and mercury.

If mercury is present, the precipitate is colored black. In this case the resi-

I
due, after being transferred to a beaker with a little water, is treated with a

hot dilute solution of sodium hydroxide, whereby the sulfides of antimony,

arsenic, and tin go into solution. The insoluble mercuric sulfide is dissolved

in aqua regia. After boiling off the chlorine from the solution, the mercury
is precipitated with hydrogen sulfide. The mercuric sulfide is separated from
the solution by passing the latter through a dried weighed Gooch crucible.

The residue is thoroughly washed, dried and weighed.
Arsenic. The alkaline solution containing the arsenic, antimony, and

tin is acidified with hydrochloric acid and treated with hydrogen sulfide. The
residue is filtered, washed thoroughly with weakly acidic %drogen sulfide

water, and transferred to a beaker. The sulfide mixture is warmed with con-

centrated hydrochloric acid, which dissolves the antimony and tin. The in-

soluble arsenic sulfide, after thorough washing, is dissolved wdth aqua regia,

precipitatec! as magnesium ammonium arsenate by means of ammonia, am-
moniiiin chloride and magnesium sulfate, and weighed as magnesium pyro-

arsenate.

Antimony. The solution containing antimony and tin is united with
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the solutions which were obtained from the decomposition of the insoluble

redclue (see p- 386) and which also contain antimony and tin. The latter

solutions^ however, contain sodium sulfide and musf first be treated with

sodium hydroxide and cooled. Bromine is then added a drop at a time until

all of the sulfur is oxidized. After the solution is acidified and the bromine
expelled, the two solutions are united. Antimony and tin are separated by
kinging the solution to boiling and adding during the course of one hour

Oi to 1.0 gram of ferriiin rcductum in small portions. After the reduction is

completed, the antimony is immediately filtered through a small filter covered

with fermn rediictum and is thoroughly washed with hot dilute h3^drochIoric

acid,* In the presence of larger quantities of tin, the antimony must again be

dissolved by warming with hydrochloric acid-bromine mixture [see p. 378).

After removing the bromine by boiling, the reduction with ferriim reductiim

is repeated in order to complete the separation of the antimony. The filtrate

in each case is tested by adding ferrum reductum to the boiling solution to

determine whether the antimony has been completely removed.

The filtered antimony is transferred from the filter to a beaker with hot

water and is dissolved with the mixture of hydrochloric acid and bromine.

In the same way, antimony residues are washed from the filter with warm
hydrochloric acid-bromine mixture. After evaporating the bromine, a small

quantity of potassium iodide is added, and the solution is reduced with the

aid of heat by adding sulfurous acid a drop at a time, care being used to avoid

adding an excess. After most of the excess hydrochloric acid in the solution

has been neutralized with ammonia, the antimony is precipitated with hydro-

gen sulfide, and the separated antimony sulfide filtered and washed with

kiled water. The sulfide is then washed through the filter into a beaker by
means of 50 cc. of a warm 25 per cent solution of sodium sulfide. The filter is

washed with 50 cc. of 25 per cent sodium sulfite solution, and a piece of

sodium hydroxide, the size of a pea, is added to the filtrate. After the

hydroxide has dissolved, the solution is electrolyzed with the aid of a weighed
platinum gauze electrode at 60° C., using at first a current of 0.5 ampere,

and after 1 hour a current of 1 ampere. After passing the current through
the solution for 2 hours, some sodium sulfite solution is added, and an obser-

vation is made to determine whether any antimony precipitates on the freshly

wetted part of the cathode. If none is deposited, the electrode is cpiickly

removed from the solution without interrupting the current, washed for sev-

eral seconds with hot water, dried with alcohol and ether, and weighed.

When only small quantities of antimony are present, the sulfide is dissolved

with warm freshly prepared yellow ammonium sulfide. The solution is

evaporated in a weighed porcelain crucible, and the residue is further evapo-
rated with concentrated hydrochloric acid, care being exercised to avoid

losses by spattering. The sulfuric acid produced is evaporated to fumes on
tile sand bath, and the antimony, after ignition, is weighed as Sb^Oi.
The antimony can also be determined by titration. In this case, the anti-

mony, after being separated from the tin and precipitated as the sulfide (bv"

means of hydrogen sulfide), is transferred to a Kjeldahl flask, and is care-

fully heated with 15 cc. of concentrated sulfuric acid until the solution has

fecome colorless. The solution is diluted to 100 cc., 1 to 2 grams of sodium
sulfite are added, and the resulting solution is boiled until all sulfur dioxide
has been expelled The solution is then treated with 20 cc. of concentrated

hydrochloric acid, diluted with water to a volume of 250 to 275 cc., and
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tifraferl witli a 0.1 A” solution of potassium permanganate to a slight rt'C

cnloratinn. llie ^'cnr.ar.ganate solution is standardized b}- heating 0.25

gram of pure metallic antimony in a 600 cc. Erleiimeyer flask with 12 to 15 ci\

of concentrated sulfuric acid and 10 to 12 grams of potassium sulfate unti”

solution is c"-:r.plete. After adding 25 cc. of water and 20 cc. of coiicentratec

liydrocliloric acid the solution is diluted to 270 cc. After being cooled to 10"

to 15'^ C. the solution is titrated to a faint pink color with the permanganatt
solution.

Tin. Hydrogen sulfide is passed into the filtrate from the antimonv-
lin seiaration isce p. 387), which contains the tin in the stannous form. Tr.t

resulting tin sulfide is filtered and ashed in a Rose crucible. In this oper-

ation the crucible is heated on an asbestos wire screen until the fihe:

paper has charred, and the carbon is then burned on a clay triangle over

a small Bunsen flame. The crucible is finally heated to glowing, firs:

over a Bunsen burner, and later over a blast lamp. The tin is converted :

stannic acid in this manner and is weighed as such.

Zinc. The filtrate from the hydrogen sulfide (see p. 386) precipitation c:

mercury, antimony, arsenic, and tin is freed from hydrogen sulfide bv
boiling. This solution is first made alkaline by the addition of ammonia,
and is then acidified with sulfuric acid,^^ or preferably with formic aciJ.

Hydrogen sulfide is then passed into the liquid. The precipitated zin:

sulfide is allowed to stand overnight (under a bell jar) and is filtered the

next day through a filter containing paper pulp. The zinc sulfide

washed with hydrogen sulfide water, containing some ammonium sulfate

or acetate and a small quantity of sulfuric or formic acid. The filter an>'.

precipitate is ashed in a Rose crucible in the manner described under
“TinA After ignition, the resulting zinc oxide is weighed.

Iron Oxide, Aluminum Oxide, and Chromium Oxide. The filtrate

from the zinc sulfide precipitation is freed from hydrogen sulfide by boil-

ing. A little nitric acid is added to oxidize the iron to the ferric state arJ

the chroniiiim to the chromic state, and the boiling solution is made
alkaline with ammonia. The precipitated hydroxides are filtered, washed
with hot water, ignited and weighed. The weighed mass consists of iron

oxide, aluminum oxide, and chromium oxide. The contents of the crucible

are then transferred to a platinum dish and fused with sodium hydroxide,

to which has been added a ver}' small quantity of sodium peroxide. The
fused mass, after cooling, is treated tvith -water, which dissolves the aliimi-

nate and chromate but not the iron hydroxide. The latter is thoroughly
washed, and then dissolved in dilute hydrochloric acid. The iron con-

tent of the solution, after addition of potassium iodide and starch, is

determined by titration with 0.1 N normal sodium thiosulfate solution.®^

The filtrate containing the sodium aluminate and chromate, is acidified

with hydrochloric acid, and is likewise treated with potassium iodide and

starch. The chromate content is determined by titration with 0.1 N sodium

thiosulfate^-

The sum of the calculated quantities of iron oxide and chromium oxide

is subtracted from the total weight of the three oxides. The difference

gives the amount of aluminum oxide.

3.1 grams of KMiiO* dissolved in 1 liter of
water. 7ht solution is filtered, through ig-
nitftd asbestos after standiiig.
The solution; should react just acid toward

methyl orange.

1 cc. of 0.1 AT NasSsOa == 0.007984 g. FoO».

1 cc. of 0.1 N XasSaOs == 0.00253 g. CrsOi.



determination of the rubber content 389

Calcium. After the precipitation of the iron, aluminum and chromium
oxides, the filtrate is evaporated to about 100 cc., is then made weakly acid

\Tith acetic acid, and is treated at the boiling temperature with a hot solu-

tion of ammonium oxalate. After boiling for a few minutes the solution

is treated with ammonia. Upon standing overnight, the precipitate is

filtered, and, together with the filter paper, is ashed in a platinum crucible.

The crucible and its contents are ignited over a blast lamp to constant
r;eight.

Magnesium and Alkalies. ^The filtrate from the precipitation of cal-

cium, after being acidified with sulfuric acid, is evaporated to dryness.

After the residue has been freed from ammonium salts by moderate igni-

tion,!! is taken up with slightly acidulated water and filtered. The result-

ing solution is evaporated in an ignited and weighed platinum crucible,

with the addition of sulfuric acid. The excess of sulfuric acid is driven

off by heating on an asbestos wire screen, and the sulfates of the alkali

metals and magnesium are then carefully ignited over a Bunsen burner
and weighed.

The weighed sulfates are taken up with water, the clear solution is

made strongly ammoniacal, and the magnesium is precipitated with am-
monium phosphate. The precipitate, after standing overnight (under a

bell jar), is filtered, washed with water containing ammonia, ignited to

magnesium pyrophosphate, and weighed as such. The resulting value

is calculated to magnesium sulfate, and this value is subtracted from the

total weight of the sulfates obtained before removing the magnesium.
The difference represents the alkali sulfates, which are calculated to

sodium oxide.

Silicic Acid. One gram of the original rubber sample is ashed in a

platinum crucible. The residue is thoroughly mixed with 4 to 5 times

its weight of sodium potassium carbonate, and is decomposed by fusing

over a Bunsen flame. The fused mass is leached with hot water, and
the insoluble matter is removed by filtration and washed on the filter

until free from alkali.

After the filtrate has been acidified with hydrochloric acid, it is evap-
orated to dryness. The residue is dried in an oven at 135^ C. for 2 hours,

then moistened with 5 cc. of concentrated h3^drochloric acid, and finally

taken up with hot water. The resulting insoluble silicic acid is filtered,

washed well, ignited in a platinum crucible, and weighed. To determine
the purity of the ignited residue, it is treated with 1 or 2 drops of concen-
trated sulfuric acid, and a sufficient quantity of hydrofluoric acid to vola-

tilize the silicon as SiF4. The hydrofluoric acid is then ev'aporated on a

water bath, the sulfuric acid is driven off by heating over an asbestos wire
screen, and the crucible is ignited and weighed. Any remaining residue is

subtracted from the previous weight of silicic acid.

In rubber compounds containing lead, antimony and zinc, the ashing
ina platinum crucible is not advisable, because of the danger of injuring

the crucible. In this case, the silicic acid is determined in the above man-
ner during the course of the analytical procedure previously outlined

^see p. 386).

Determination of the Rubber Content

The rubber content of a sample is usually calculated. The sum of the
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deteniiined percentages of moisture, acetone extract, hard asphalt in

the chloroform extract, inorganic and organic pigments, alkali extract/’^

sulfur combined with the rubber, and chlorine are subtracted from Wj
per cent. The difference is the pure rubber hydrocarbon, free from rub-

ber resins and saponifiable constituents (except for those non-rubber
constituents which frequently cannot be determined in complex rubber
compounds).
Another method for the determination of the rubber hydrocarbon,

proposed hy the United States Joint Rubber Insulation Committee^
is only applicable in the case of compounds free from bitumen, cellu-

lose, carbon black, mercuric sulfide, and other substances insoluble in

hydrochloric acid but volatile or undergoing fundamental change durincr

ashing. According to this method, the rubber sample, after being ex^

tracted with acetone, chloroform and alcoholic potassium hydroxide, i?

suspended in 125 cc. of water and treated with 25 cc. of concentrated
hydrochloric acid. The whole is heated for 1 hour at 97 to 100° C. The
supernatant liquid is decanted and filtered Avith suction through a Buch-
ner funnel provided with a sheet of hardened filter paper. The residue

is washed with 25 cc, of hot water, and the solution is again decanted

and filtered. This treatment with water and hydrochloric acid is per-

formed three times. At the conclusion of this treatment the rubber

should be white and practically free from black specks. If this is not

the case, the acid treatment is repeated until the black specks have dis-

appeared. The residue is treated with 150 cc. of hot water and allowed to

stand one-half hour on a steam bath. The solution is again decanted
through the filter. Any rubber particles on the filter are then returned

to the flask, and the washing with water is continued until the filtrate

is free from chlorides. All of the rubber is transferred to the filter, and
is dried by suction as much as possible. The rubber is next washed with

50 cc. of 95 per cent alcohol with the aid of suction, and is dried for one

hour on a weighed watch glass at 95° to 100° C. The residue is allowed to

cool !!! a vacuum desiccator under reduced pressure, and is then weighed.

This process is repeated until the dried residue remains constant in weight
or begins to increase in weight. About 0.5 gram of the residue is then

transferred to a weighed porcelain crucible and ashed (see p. 374). In an-

other portion of the rubber sample the sulfur is determined by the method
described under “Total Sulfur’’ (see p. 376). The values obtained for

ash and sulfur are then calculated to the basis of the acid-extracted sam-
ple, and subtracted from the weight of the latter. The difference gives

the rubber hydrocarbon expressed as a percentage of the starting

material.

Even though the methods thus far described for the determination of

the rubber hydrocarbon are ''difference” methods, there has been no lack

of attempts to make possible the direct determination of the rubber in

viiicanizates. For a determination by a direct method, however, the con-

ditions are even more unfavorable with vulcanizates than with crude rub-

ber. Critical examination of the methods described in the literature has

shown them to be much less practicable than those with crude rubber.

Furthermore, there appears to be no basis for hoping that they can be

® If possible, allowance is made for the “rubber ^ The weight of the proteins determined in tk
resins.”* acetone extract is subtracted.

Ind. Eng. Chem., 9, 310 (1917).
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Irgnsfornied into practical methods. However, in some cases the methods
for direct determination offer an opportunity for checking the results of

ik indirect analysis. For this reason, two examples of the methods fol-

lowed in the direct determination of the rubber hydrocarbon are presented
below.

The reaction involving the addition of bromine to the rubber hydro-
carbon was used by Axelrod as the basis for a direct method for the
determination of the rubber hydrocarbon. One gram of the acetone-
extracted sample is dissolved in 100 cc. of petroleum (fraction boiling

below 3W C.). After cooling and while vigorously shaking, 10 cc. of

the solution are removed with a pipette and transferred to a 300 cc.

beaker. To this solution are added 50 cc. of a brominating liquid (con-
taining 6 cc. of bromine and 1 gram of iodine in each liter of carbon tetra-

chloride). The resulting white precipitate is allowed to stand for 3 or

4 hours to permit clarification and settling, after which lOO to 150 cc. of

% per cent alcohol are added with stirring. After the solution has again
been allowed to settle, the precipitate is transferred to a filter and is

washed, first with a mixture of alcohol and carbon tetrachloride (1:1),
and then with alcohol. According to the method of Axelrod, the filter

and contents are dried at 60° C., weighed, and then ashed
;
and the residue

is subtracted from the weight of the bromide.
Since this method is not free from errors, it was modified by Hin-

richsen and Kindscher.^'^ According to the modified method, the residue

on the filter is dried at 40° C. and is dissolved in chloroform. The filter

is then thoroughly washed with chloroform. The bromide in the filtrate

is precipitated with benzine or alcohol, filtered, washed thoroughly with
alcohol and warm water, and finally dried with alcohol and ether. The
filter containing the bromide is then decomposed with sodium potassium
carbonate (as described under “Crude Rubber”; see p. 353), and the bromine
content is determined. In another sample of rubber bromide prepared
in the same manner, the sulfur content of the bromide is determined by
fusing with sodium potassium carbonate with the addition of sodium
peroxide, since all of the sulfur combined with the rubber is present in

the bromide. The result obtained for combined sulfur is then calculated

to bromine, according to the equation, S :2 Br= sulfur found : .r, and this

value is added to the previously determined bromine content of the

bromide. The calculation of the rubber hydrocarbon from the bromine
content is made in the manner described under ^‘Crude Rubber” (see

P.3S3),

According to observations made by Hinrichsen and Kindscher, the

tedious operation with petroleum can be avoided. Since the rubber bro-
mide is soluble in chloroform, 0.1 to 0.3 gram of the acetone-extracted
vulcanizate is swelled in chloroform (according to their procedure).
Bromine is added, and the mixture is cooled in ice and allowed to stand
until the pieces of rubber have disappeared and the pigments cover the

bottom of the glass vessel as a fine powder. The treatment of the bromide
contained in the chloroform solution is then carried out in the manner
described above.
The nitrosite process described under the investigation of crude rubber (see

p. 354) has also been suggested for the determination of the hydrocarbon

^Gummi-Zig., 21, 1229 (1907). Chem.-Ztg., 36, 217, 230 (1912); see also

Hiibener, Chem.-Ztg., 33, 648, 662 (1909).
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content of viikanizates. According to the proposal of P. Alexaiiflfi-p

O.S gram of the finely divided, acctone-extracted rubber sample is siiV

pended in carbon tetrachloride and allowed to stand overnight to permit

s velling. A stream of nitrous gases is passed into the carbon tetrachli -

ride, tiie gases having been prepared from starch and nitric acid

cific gravity 1.4) and purified by means of glacial phosphoric acid, thr
reactmn product is formed within a short time, so that after severai

hours the swelled rubber pieces are completely transformed into the nitre-

site. To make certain that the reaction is complete, the pieces are allowed

to stand overnight in the solution saturated with nitric acid. The solif

particles can then be pressed to a fine powder without difficulty. If, how-

ever, elastic rubber particles are present, the process of passing the gas

into the solution must again be repeated. After the reaction is complete,

the carbon tetrachloride is poured ofi:, and the product is washed with

the swelling solvent and superficially dried. The residue is then dissolved

in acetone and filtered, and the filter is washed with acetone. The ace-

tone solution is evaporated in a stream of hydrogen at a temperature iru

exceeding 40° C., only small portions of the solution being transferred

to the flask at a time. After the major portion of the acetone has heer.

removed by distillation, ether is added, according to a suggestion uf Frank

and Marckwald. Upon the addition of the ether, most of the reaction

product precipitates as a powder, in which form it can be easily dried.

The solvent and precipitating agents are then distilled, and the'residiw

is dried in a current of air or hydrogen 'and weighed. The product is then

used for the sulfur determination, since all of the sulfur conihined with

the rubber is in the reaction product. The quantity of sulfur determine!'

is subtracted from the total weight of the nitrosite. Each gram of pure

rubber is equivalent to 2.4 grams of the sulfur-free reaction product.

in connection with the nitrosite method, it has been ])(»inted <jut iiv

Tuttle that the process of Wesson, as modified by Tuttle and Yurovo
is the only accurate method for the direct determination of the nibbt-r

hj ;:r..c:;r;; r: which leads to practical results. Complete details regarding

this method were given under the discussion of the analysis of crude riib-

her (see p. 354).

The Coefficient of Vulcanization

In order to obtain comparable figures for the degree of vulcanizatiun

of various rubber samples, the ratio of the combined sulfur of the sample

to the pure rubber hydrocarbon is calculated. The calculation is made
according to the following equation:

100a

b

in which a represents the per cent of combined sulfur in the sample, and h the

per cent of rubber hydrocarbon in the mixture. The vulcanization co-

efficient lias recently been of special interest, since it is possible, from its

size, to draw conclusions regarding the presence or absence of vulcaniza-

tion accelerators in vulcanizates, even when such agents cannot be de-

tected in the finished product

« 21. 727 (1907). 79, Chemical Catalog Co., Inc., New York,

®J. “The Atmlyds of Rubber,” p.



Physics of Rubber

By L. Hock*

Introduction

The exact determination of the physical constants oi any substance

demands first of all a knowledge as to whether these constants depend
only upon the substance and its purity or whether they may be affected

by the state of the substance as determined by previous history or other

drcumstances. The necessity of this, even for substances which are

simple and chemically well-known, is at once apparent if we recall the

txistence of allotropic forms in crystalline substances or if we consider

the technical preparation of metals. It can be seen, therefore, what
must be the difficulties in determining the physical properties of rubber.

On account of the multiplicity of its colloidal forms, there is plainly no
preparation of rubber which is identical with another throughout, aside

from the fact that chemically pure rubber has not been available for most
investigations. This indefiniteness must be taken into consideration in

interpreting the remarkable physical properties which confront the re-

search worker as well as the practical technician. The indefiniteness, un-
fortunately, goes so far that a given preparation may behave differently

::rording to the method of its preparation, so that great care is required to

r-i'-id unintentional variations of either a temporary or permanent nature

in the material.

We must conclude from the above facts that, unfortunately, a large

number of quantitative determinations of the properties of rubber which
have been made in the past century are, in a way, useless as a basis for

further work, because the workers have not described their preparations

sufficiently well. In some cases it is not even possible to tell whether
crude rubber or vulcanized rubber was used or whether the compound
was reinforced by pigments or not. Many authors were accustomed to

state at most the colors of the samples which were used, a fact of no im-
portance.

If indeed there is no other alternative than to accept these uncertain-

ties, these preliminary remarks must be kept in mind, and it must not
k expected that rubber is a material upon which precision measurements
can be made. It should also not be surprising to find that the measure-
ments of different observers will not give particularly good agreement,
and it should be remembered that results of duplicate investigations may
differ by 10 or 20 per cent even under the same conditions. However,
the indefiniteness which prevails in the experimental work at present will

not always stand in the way of fundamental knowledge, so that it thus
app^rs possible—against which the feeling of the exact scientist may
iastinctively rebel—to apply the methods of rigorous research to the
stubborn problem of rubber if its solution is not to be renounced entirely.

^ Translated by Norris Johnston, J. H. Howey and N. A. Shepard.
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The Properties o£ Solid Rubber in the Unvulcanized and in the
Vulcanized States

The Elastic Properties of Rubber

Reversible Deformations

Hooke’s Law. The resistance which rubber offers to a change in tlie

arrangement of its particles by a force from without is small, and wher
the stress ceases the particles return again to their original position^'
lliis behavior manifests itself in what is known in everyday speech
the great elasticity of rubber. It exists, however, as a strictly reversible
phennmenrin only within quite a narrow limit, which in general extend^
further for highly vulcanized than for unvulcanized rubber. Accordire
to the fundamental law of elasticity (Robert Hooke, 1660) the amount cd
(ku'orniation per unit length is proportional to the acting stress : ''tit tensio
sic visP Complete elasticity exists insofar as the same force corresponds to
a given elongation at any time both during the loading and the unloading
of the deformable body. The elastic limit has been exceeded if the origi-
nal state is not exactly regained after the load is removed, thereby leav-
ing a permanent deformation or set. In the sense of everyday speech
elastic substances, of which rubber is an outstanding example, allow a
considerable deformation before the elastic limit is exceeded. The period
of time involved plays an important part in all elastic * strains, and
particularly in the case of rubber this fact must not be disregarded. Rub-
ber, especially in the unviilcanized state, shows a marked elastic after-
effect which will be considered more in detail later.

Modulus of Elasticity. If a strip of rubber of length I and cross section

q is elongated by an amount A/ when loaded with a weight />, the rela-

tion between these quantities according to Hooke’s law is

Ai = a or in differential form dl = a (h

1 he prnpnrtionality factor a is known as the coefficient of elasticity. If

/ be measured in meters, q in square millimeters and p in kilograms, the
coefficient of elasticity thus defined is obviously equal to the elongation
that is produced in a strip one meter long and one square millimeter in

cross section by a load of one kilogram. The force which is required to
double the original length (A/—/) when the cross section equals one
square millimeter may be used as a measure of the deformability, assum-
ing that the deformation does not exceed the elastic limit. This condition
may actually be reached with vulcanized rubber, but with other materials,
such as steel for example, the case of can only be imagined. The
force defined by ti:c condition \I—l is the reciprocal of the coefficient
of elasticity and is known as the modulus of elasticity E(=l/a). This
physical measure of the elasticity’' leads to a definition which is directly
opposed to the meaning of the word as used in everyday speech. Accord-
ing to this technical definition, the elasticity of vulcanized rubber (E=
.08 approx.) is less than that of steel (£=22,000). Henceforth, use will

be made of the term ‘hnodiiliis of elasticity,” and the technical meaning
of the term must be kept in mind.

Translator s Note,
_
The word elastic is evi- law is, strictly speaking, not a function of tk

dently liere used «i an approximate sense, time J H H
since the clastic relation as defined by Hooke’s
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In the numerous older works are found determinations of the modulus
,t elasticity of rubber compounds (vulcanized threads, etc.). E. Villari ^

v;as one of the first to investigate this subject. We are indebted to W.
C Rontgen ^ for more careful and critical work with measurements which
*,Yere

intentionally limited to relatively small elongations. Above all,

he bore in mind that with increasing length there was a decreasing cross

section and a correspondingly increasing force per unit area. The tech-

nique of the method of measurement used by L. Bouchet ^ is of interest.

The modulus of elasticity was determined by deformations which were
produced by the application of manometrically ineasured hydrostatic

pressure upon a cylindrical rubber body. Pressures of frorn 1x0.2 to

i'xO.2 mm. of water were applied in loading and unloading cycles of from
2 to 4 minutes’ duration. Corresponding deformations could also be pro-

kiced by electrostatic means. (See p. 471.)

The modulus of elasticity is found to be dependent upon the amount
of the elongation, and this dependence becomes more marked as the elas-

tic limit is passed. It must be recognized, however, that when the elastic

limit is passed we can no longer speak of the modulus of elasticity in the

sense defined by Hooke’s law. The results obtained by Villari at least

make possible a survey of the existing values of the modulus. He deter-

mined the average values of the modulus in each of three regions of elon-

gation as follows: for elongations of the rubber samples up to twice the

original length, the value of E was 0.07 to 0.1 ;
for further elongations,

tbe modulus rose from 0.1 to 300; for elongations of more than 300 per

cent, the modulus had an approximately constant value of from 300 to

c50. P. V. Bjerken^ found the modulus to be 0.095 for rubber bands
elongated to four times their original length. A. E. Lundal ^ obtained
£=0.10 for ‘^pure” rubber, taking into account the decrease in cross sec-

tion. 0. Frank® found £=0.089. Lundal also allowed his rubber test

pieces to absorb 139 per cent of paraffin oil and found that the modulus
fell to half of its original value. Possibly these examples are sufficient.

A detailed compilation of the older literature may be found in the work of

k. Slingervoet Ramondt, ^‘Zur Geschichte der Kautschukforschung.”"
No attempt at historical completeness can be made here

;
rather only a

selection from all the available works will be found in this and in the

fullowing sections. Recently G. B. Deodhar and D. S. Kothari ® have
investigated the dependence of the modulus of elasticity upon the elon-

gation, finding a linear increase up to the breaking point of the rubber test

piece. Even if the usual stress-strain relationship held for rubber the
same as for other substances, rubber would still be peculiar in that the
magnitude of its modulus throughout the whole course of elongation is

vastly different from that of most substances.

A detailed study of the stress-strain curve for rubber has been made by C. W. Sliack-
I'jck* [Inst. Rubber hid., Trans., 8, 568, and 9 , 94 (1933) ;

Rubber Chem. Tech., 6, 486,
.'’1)4 (1933)], who has described the location of the point of inflection, and the relation-
sliip between elasticity and structure. Shacklock points out that application of the Hatchek
correction for diminution in cross-sectional area does not entirely eliminate the point of
nfiection of the stress-strain curve, so the inflection point may properly be considered as

Physik, 143, 88 (1871).
I
Ann. Physik, 159, 601 (1876).

: rend., 158, 1495 (1914).
;
Ann. Physik, 43, 817 (1891).

I
Ann. Physik, 66, 741 (1898).

^ Ann. Physik, [4], 21, 602, (1906),

^ Ramondt, A. Slingervoet, Geschichte der
Kautschxikforschung,” Steinkopff und Spring-

er, Dresden, 1907.
* Indian J. Physics, 2, 305 (1928); see also

Chem. Zentr., 99, I, 2875 (1928).
* Translator’s note by N. J.
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an inherent prn|'r*rty nf the sjress-strain relation of rubber. A mathematical dcdncti.

v

the stress-strain curve equation is attempted.

The stress-strain curve of ebonite has been studied by B. L. Davies [Trans, h- «

Rubber hid., 9, 130 (1933)]. (See p. 628.)

Poisson’s Ratio. On account of the great change in form which rubber
experiences under the action of rather small forces, it is important for

us to consider somewhat more thoroughly the transverse contraction &*'

elongated strips. With increasing elongation, the cross section of the

strip always becomes smaller. The relation between the force p, acting

on a strip of cross section q, and the decrease in the width of the strip a:

tin meters) is given in a form similar to equation (1) by

^bp . ^bdp= or in differential form by db =
q Q

where b is the original width of the strip and jd is the coefficient of trans-

verse contraction. If the stretching force is exactly 1 kg./mm.^ and the

original width 1 meter, JS is the decrease in width in meters.

The two coefficients a and jd clearly determine the elastic behavior c:

a body. Taken together, the ratio of ^ to a is known as Poisson's

Ratio pf :
^

Poisson’s ratio thus represents the ratio of the transverse contraction

to the lengthwise extension. It can easily be related to the change in

volume during elongation to give the so-called coefficient of volume in-

crease under tension

:

# = a (1 — 2/i') (4}

Obviously, when p!
— 0.5 there is no change in volume, which is exactly

the case in the deformation of fluids. It is of interest that this relation is

approximately fulfilled by rubber, although to a lesser extent than by

gelatin, for example. Considerable departures from this relation occur,

moreover, at high elongations, and there exists no constant volume

throughout the course of the elongation. This is particularly true for

unpigmented raw” rubber. The relationship here discussed deals only

with the more or less ideal elastic properties within the elastic limit,

which are to be observed in high quality, vulcanized compounds. Unde:

these conditions, all deformations can be calculated from the modulus

of elasticity and Poisson’s ratio insofar as they are produced by the actior.

of any force on a presumably isotropic solid body. The assumption oi

elastic isotropy means that the rubber test piece will react in the same

manner elastically in all directions. An example in which this condition

would not be satisfied is a piece of rubber which has been markedly

elongated in one direction so that it has become anisotropic. (To

pages 416 and 420.)
The value of Poisson’s ratio for vulcanized rubber has been invesh

gated by many workers. Wertheim,^^ Villari,^^ Rontgen,^^ Bjerkeii/'

• For details of the fttndamental ideas of elastic fotand in complete physics texts, such as thos

theory see VoL 3 of ‘‘Handbuch der Experi- of Muller-Pouillet, Chwolson, and others,

ffier.talfhysikd* by W. Wiea and F. Harms, ^ Ann. Physik, 78, 381 (1849).
Akai. Veriajs-Gesellschaft m. b. H., Leip- Ann. Physik, 14S, 297 (.U71).
aif, 1828.

^

la Ann. Physik, 159, 601 (1876).
“The simple derivation of this equation can be ^Ann. Physik, 43, 818 (1891).
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"’orbino and Canizzo^® should be mentioned among those of the past
^

tary.
Besides direct measurements of elongation and constriction,

?^Lect' measurements of the volume, i.e. of the specific gravity, have

f to determine the ratio. Among the later works of Lampe,^®

F ank and others, the work of L. Schiller is particularly noteworthy

5 ause of its careful attention to all experimental details. The works

. ^ Rbntgen and of G. F. Becker are also outstanding.

Poisson’s ratio as defined by finite values of the transverse contraction and

4on«^ation obviously cannot represent a real material constant. Rontgen

la-edhis calculations, therefore, not on the original length and width, but on

instantaneous values of those quantities when the strip was in an elongated

'.Bclition which differed only slightly from its final state. However, the

•alue of Poisson’s ratio for infinitely small elongations can be obtained from

Nervations of finite lengths as shown below. /\ccording to the definition

^^iven in equation ( 3

)

^ ^11
(^)

.here jx (unprimed) stands for the ratio as referred to differential changes

d length, b the width, and I the length of the stretched rubber strip. In-

MTrating' between the limits of the original state and the final state, we have

:n Table 1 are given some results for various elongations, obtained on a strip

vulcanized rubber 1.07 mm. in thickness.

Table 1 .—Determination of Poisson’s Ratio (According to L. Schiller).

Xm.

Elongation
in per cent

2.3

1000 AX

bi

(mm.)
b.

(mm.)
h

(mm.)
U

(mm. i

1 457 10.487 10.376 258.5 252 J)

2 7.4 453 10.262 10.148 271.4 264.8

3 10.1 462 10.137 10.919 278.5 271.5

4 78.3 500 9.300 7.999 390.6 289.0

102.1 472 10.342 7.420 243.9 120.7

The average value of twenty measurements for /x is 0.480 (dark Para sheet,

specific gravity 0.95). The elongation and contraction were measured by

means of marks made on the center of the elongated sheet. If the value of /x

inr infinitely small changes in form is known, it is possible to calculate from

iitlie value of jjl^ which corresponds to Poisson’s ratio for finite deformations.

From equation (6) it follows that:

Accad. lincei (Roma), 7, 2nd half, 286
(1898).

»». Ahad. mss. Wien, 111, Ila, 982 (1902).

Physik, [4], 21, 602 (1906).

Dissertation, Leipzig, 1911; ‘‘Die Anderung

der Dielektrizitatskonstanten des Kautschuks

bei Zug senkrecht zu den Kraftlmi^.
,
Com-

pare also: Ann. Phystk, 22, 204 C1907L
Amer. J. Set., [3], 46, 348 (1893).



398
J’HySlCS OF RUBBER

In analogy to equation l3j, /x' may be expressed in terms of measured linit,

distances by the equation
h

fX
—

U— U h,

Substituting from equation (7) we have the desired relation between /

and ft,

/=77=T’
"jf .

''7

Converselv it follows

:

log [/.— M Cb— /dl — log ^

^ loff /j— log U
(10 i

While ft is independent of the degree of elongation, ix alw^s becomes smaller

nith increasing elongation and falls from a value of 0.449 at an elongati«

of about 10 per cent to 0.115 at an elongation of oOO per cent. The data

Stained bv SAiller show remarkable agreement with the results of an earlier

investigation by Bjerken, which are given in Table 2.

Table
Loading

P

105

405
805
1005

'> —Dctermhiation of Poisson’s Ratio ^According to Bjcrkcn).
— ^ .1 Poisson’s ratioLength

/

44.2

54.5

140.0

213.5

227.0

0.403

0.192

0.134
0.125

Relative chang!:

in volume
1.000

1.012

1.080

1.141

1.193

\ value for o' of 0 5 would indicate that rubber was like a practically ir.-

c cr.nressible fluid, a conclusion which was reached by earlier workers, Ama-

no c^onsteil?Volume upon which to base deductions, and if the

deformations are so large that the applicability of the equations is question-

able it niav be concluded that for any considerable change m shape there n

nr. cnr-exnmiding change in volume which can be detected by such measure-

ments as "would ordinarilv be used to determine the change in shape, n

can therefore be said that' the bulk modulus of rubber is very large in com-

parison to the modulus of rigidity.^* In other words it requires the ap-

plication of a large force to change the volume while a slight force uill alte._

the shape If a rubber sheet be anisotropic as a result of the method o.

mamifacture, Poisson’s ratio may possess different values m two directions

perpendicular to each other. In one case reported by Schiller the values o.

a were 0.535 and 0.463 in different directions. The average value nii st .je

euual to or less than 0.5 because otherwise an increase m volume would re-

svh from tension. Such decreases in density have indeed been observed m

compounded rubber but they can be attributed to other causes (vacuole

ffirina-tion I i see pEg€S 415 End 432').

We are indebted to G. B. Deodhar for more recent work relating

elongation and Poisson's ratio, particular^ in reference to the decrease wth

increasing elongation of the test piece. H. F. Schippel a d . . g

2^' Among more recent determinations of Pois*

son’s ratio sbonld be motioned o*

L. Bonchet, Compt rend., 1S8, 1495 (1914).

Tbe value given there is 0.4998.

Compi. rend., 99^ 130 (1884),

=2/. PMys., [4], 2, 490 (1903).

2® In regard to the change in volume with donga*

tion see p. 415 and p- 432.

^^Phil. Mag., [6], 45. 471 (1923); also see

Ono, Math.-Phys. Soc. Tokyo, [2], 7. 3o4w

2« i? iS' Eng. Ckem., 12, 33 (1920).
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inil R- D- Evans investigated the dependence of the constants upon the

Vrmof the filler particles in pigmented vulcanized compounds, differentiating

i.nveen anisotropic pigments''*^ (such as graphite, mica, and magnesium car-

ijnate) and isotropic pigments (such as carbon black, zinc oxide, and litho-

The isotropic fillers all gave values of /= 0.5 for small elonga-

tions. These values, as well as the other properties of rigidity, appeared to

""e
independent of whether the test piece was elongated in a direction perpen-

dicular to or parallel to the calender grain for isotropic fillers.

Vhe Work of Elongation. In considering the elastic deformation from

an energy standpoint, the stored-up potential energy of the rubber can be con-

sidered as measured by the work which is done on the rubber to elongate it. As
usual, it is given by the product of the force and elongation : dA = pdl : or

integrating, *

The evaluation of this integral may be best accomplished graphically, by
rlrawing the stress-elongation curve. Insofar as any permanent change in

mn results, the work of elongation is not completely transformed into

rotential energy since some of it is irreversibly utilized in producing the

change in structure and some is dissipated in the form of heat. Aside from
this, there has been some success in attempts to find an empirical formula by
Aicli the above integral could be solved algebraically. These analytical

iiumilae will be considered later during the discussion of stress-strain curves.

See p. 404.) Their application, however, requires the determination of a

large number of new constants in each particular case, so that in all practical

cases the convenient graphical solution is given the preference.

Wliile the investigations of elongation are concerned with elongations in

•ne direction as a rule, M, Kroger has studied the phenomenon of the

Ntretching of rubber membranes. With these, the experimental evidence

indicates that an entirely different type of energetic strain is encountered.

By means of particularly ingenious apparatus, the curve showing the rela-

tion between the pressure and the displaced volume was obtained photo-

;,'raphically. These curves may therefore be regarded as providing a measure
‘ ! the work" done to produce “lamellar packing.’’ Raw rubber, synthetic

rubber, and vulcanized “cut sheet” and compounded rubber \vere investigated

at different temperatures. (See also p. 508.) In contrast with the linear

tension, it was found that with increasing deformation, this bilateral tension

passes through a maximum,, then through a minimum, before reaching its final

value. At the beginning of the swelling, the pressure increased rapidly and
almost linearly. The mechanical work which can be stored in the rubber by
such a strain appears to be 50 to 70 per cent less than that in the case of elonga-
tion (2 to 3 kg. ni./cm.^ of rubber as compared to 6 kg. m./cm.^ for the usual
tensile test). Deformation by elongation therefore permits a greater strain.

It remains to be seen whether or not this conclusion is of general validity.

^Inl Eng. Chem., IS, 1015 (1923).
Translator’s Note. For a definition of the
word “pigment” as used throughout this sec-
te, p. 37-:. N. J.

iL n-.-Tevl that the distinction be-
weer. “isotroi'ic"’ and “anisotropic” pigments
wes not refer at all to the distinction between
aaorphous and crystalline materials. The
authors designate all pigments the outer form

of whose particles shows no^ preferred axis
as isotropic, because such pigment particles

do not set themselves with a certain axis

in the direction of the elongation when the
compound is elongated.

^ Kolloid-Z., 45, 52 (1928). Reference will be
made to this work again in the discussion of

double refraction and of the theory of pig-

ment reinforcement.
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Other Types of Strains. By using the modulus and Poisson's ratio as ck-
fmed above, deformations such as bending, torsion,-^ etc., can be treated
matliematicaily in a manner similar to that used for tensile deformation^
llie deformations which are produced by pressure are much less strikim?
tiian those produced by tension. According to investigations by Stevart^c
nil ring-shaped discs, the law of constant volume holds within certain limitc

liere in the manner in which it would hold completely for fluids. The com
pressibility of the rubber is not inconsiderable at the beginning, when the
width of the ring increases at the expense of its thickness. With increasim
pressure the width of the ring increases more slowly. The experimental re-

sults can be represented by an empirical formula which depends largely j;

the shape of the test piece. Such results are of more interest to the teclino!o«d«*

than to the physicist, especially when the elastic limit is exceeded consider-
ably. Nevertheless, it is worthy of note that the course of the deformation
pr^rducer! by compression can be expressed satisfactorily by an equation.

In his work Stevart used ring-shaped cylindrical discs of various dimen-
sions {see p. 554) made from a compound having a high rubber content and
a specific gravity of about 1.06. These were subjected by a step-by-step
loading to a high pressure. Letting H stand for the original thickness of the
disc under no load, and h the momentary thickness under a loading of P k
tons, Stevart finds the relationship

H
h
-

7?“^ + H

where a is a constant depending on the form of the test piece. Solving for

he obtains
h

H
h

V cF 4- 1
( 12 *

For the constant a, Stevart found the expression

KH
^ S

in which F is the cross-sectional area of the test piece and Z is a constant
which is independent of the shape of the test piece, and is dependent only on

the material of the test piece. Stevart’s final form for the equation then

becomes

H
\KHP +

1

( 13 )

For the compounds used by Stevart, K was equal to about 300. The value

of K was found to be smaller when the rubber was rnore dense and less

elastic. It is of interest to note that the volume of the rubber was not

changed by compression in this manner but rather behaved exactly like a

fluid in an elastic but resistant vessel. (See p. 432.)

^See J. ViHey, P. Vemotte and F. Fontenay, musee ind. Belg., 59, S (1871); 63,

5

md., 178, 141S (1924). (1873),



COMPRESSION STRAINS

)|Hre recently R. Ariaiio has investigated the same pnjhlem thoroughly.
, .^'jiders of a vulcanized compound (100 parts of rubber and 8 parts of

were compressed to different degrees down to 45 per cent of their

'rJdnal height. A series of experiments showed that the behavior of the
conformed to equations quite well. Letting X stand for the force

unit original cross section, x the force per unit cross section referred to

\ momentary value, y the compression expressed as a fraction of the origi-

dlieiglit, and y' the ratio of the momentary diameter of the cylinder to the

*?idnal diameter, the following equation, in which B and C are constants,

rfi? found to hold :

Xy + BX + Cv = O
( 14 )

Wr the compound mentioned above, B=— 0.95 and C=ll3, A techni-

illv cured compound (tire stock) behaved in a similar manner, but could Ije

Ihtinguished by a larger value for the constant C (= 532). B was found

, ,
depend only slightly on the nature of the compound and was generally

iiproximately equal to — 1. For the last mentioned compound B was found
*

be equal to —.99.

The equation

Ids for the relation between x and y, in agreement with experimental re-

.-Its. The ecjuation corresponds to a tangent running through the origin of

:icli hyperbolic curve.

Finally, the relationships between X and y' and between .r and y' can be

-diiced in order to show how completely the compression phenomenon may
described by these formulae. These relationships are

(/ + y'y- [C + (B + l)X] = X + C (16)

/ BX\
(f + y)‘y+ c )

The practical significance of these equations is not great, however, be-

aise their application requires the careful collection of a large amount of

hta in each individual case. Accordingly, they cannot be used, a priori, to

'r'cribe the behavior under compression for any optional compound. How-
vtr, it is of value to have these functions for use as interpolation formulae
hichmay be applied to any portion of the compression test. Corresponding

• Stevart’s equation (13), Ariano introduces the ratio of momentary^ height

the original height into equation (14) and obtains the relationship

h I

H—X_ (
18 )

C
&

regard to the detailed proof and discussion of these equations the original

taper must be consulted. It will be sufficient here to mention further only
the equation for the work of compression, {see equation (11), p. 399).

Cimento (N. S.), 2, 415 (1925); 4, mentioned here that Ariano’s concept of the
2§3 (1927); S, 77 (1928); 6, 123 (1929); Joule heat of clonf^ation as beint; due to fric-w l%dm Rubber J., 72, 271 (1926); 75, tional heat cannot be niriintained. (Also see
«9 (1928); 76, 207 (1928). It may be p. 423 and p. 436.)
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‘dh

wliich may be expressed in the form

A == BC (in -jf) = BC (in
:

,

It should I e noted that these equations hold even for strains so lar^e liir*

a perinaneiit set occurs. A more thorough discussion of such strains w:';

follow ill the next section.

In connection with the compression of rubber, the recent work of C. K.

Birkitt and T. J. Drakeley should be mentioned. In this work the de-

pendence of the compressibilit}" upon the thickness of the test piece was
investigated. Finally, P. \V. Bridgman has used rubber along with iron,

phosphorus and paraffin in investigating the properties of matter under ex-

tremely high pressures. Rubber, in the form of a soft gum test piece, be-

came as hard as steel when subjected to a pressure of 20,000 atmospheres.

An extensive investigation of the compression stress-strain relations in rubber

made by J. R. Sheppard and W. J. Clapson* [lud. Eng. Chcm., 24
, 782 (1932)

;
Ri[}i :

ChcuL Yech., S, 12b (1933)]. Compression strains as high as 97.4 per cent were n-
ported, and cumpressiuii stresses of 130,000 lbs. per sq. in. were applied. The method in-

volved the inflation of balloons. {See p. 560 for further details.) It was found that :i

:

compression and e.xtension curves are practically continuous through the stress-str:::'

origin. Several methods of analysis of compression strain data are described.

Anisotropic Behavior. (Elongated Rubber.) If, at the beginning it

an elastic test, the rubber is not an isotropic medium, the direction in wire:,

a force acts upon it will be of great importance in regard to the elastic re-

action. Such a condition may exist when the rubber is already strong;,

stressed at the hegimiing of the test. Such behavior has been studied !;

Hock and Jentzsc:;.’’" Tlicy have studied the resiliency of elongated rubi er

strips by means of an apparatus in which a small steel ball fell from a cer-

tain heiglit iipun an inclined slal) of elongated rubber. After the relnjur/:,

a measurable value of the throw was obtained, and the result was foiinJ

to depend on the orientation of the elongated slab.

Partially Reversible Deformations (Hysteresis)

When rubber is strained beyond the elastic limit, the stress-strain relation-

ships are not so easily discernible. However, in this region the condition?

are comparable to those under which rubber ma}^ be used in actual service,

and such deformations are therefore of considerable technical interest. In

this region there is no longer any simple law for the dependence of the ex-

tension upon the force, but the form of the stress-strain curve is an iniportan:

criterion for the technical properties of the rubber compound. For thi;

reas'^'r. the.-e cr.c^tinr.s merit a more thorough discussion in the treatment of

the a::;; icchnical tests. i^See following section.) On the other hand,

the physical changes which occur when rubber (especially unvulcanized rub-

ber) is strongly extended have attracted the attention of physicists and have

Trans. Inst. Rttbber Ind., 3, 462 (1928).

Mininff i., 112, 535 (1921).

Translator’s note by N. J.

2. Elektrochem., "Rnnsenvortraff. 31, 4*'’^

(1925). In reference lo this_ -.acThi-: of in-

vestigation, the work is considered more a

detail in the following section (see p.



HYSTERESIS IN RUBBER 403

jiven rise to many investigations. Because of the connection of this subject

tviih the important question of the elastic nature of rubber, consideration is

nmv to be given to this domain in which Hooke’s law no longer holds. Within

this region strictly elastic phenomena are no longer to be found. A certain

mrt of the energy applied to produce deformation is used in producins- a

change in state which manifests itself as elastic hysteresis, white another

P^Drtion is without doubt transformed into heat. Therefore, only a fraction

n{ the applied energy reappears as external work. The extension, from the

beginning to the end which is reached when the test piece breaks, has been

described by equations set up by various authors. These equations contain

several constants and are similar to those presented during the discussion

f,f compression. {See p. 401.)

Cheneveau and Heim were the first to attempt to set up a suitaljle in-

terpolation formula

:

:V’
— cx + a sin' bx (20)

!
Ordinate 3; = elongation in cm.

;
abscissa = force in kg. ; and a, b, c —

constants.) If I and q stand for the length and the cross section of the test

piece, and k and a for constants dependent on the nature of the rubber, c

and a are given by the equations

For unit length and cross section, equation (20) becomes

y = kx -h a, sin"

The constant b is independent of the dimensions of the test piece and does
not express the technical quality of the rubber to the same extent as k and a.

Constants a, b and c are characteristic of the extension in the middle, last, and
hrst parts of the tension test, which fact has led the authors to connect them
with certain changes in the individual rubber particles. (Sec p. 417. ) The
equation has been developed further by Hatschek and Goldsbrough and by
Schidrowitz,^'^ and has been discussed particularly from a technical viewpoint.

This matter will be considered again in connection with the discussion of the

idea of “slope” (see p. 521).
Recently Ariano has successfully developed an analytical expression for

the stress-strain curve. From his fundamental equations, he deduces Poisson’s

ratio both for extension and for compression phenomena. The stress-strain

curve is represented by an equation corresponding to equation (14) (see p.

401 j:

xy 4“ bx cy — 0 (21)

where x stands for the force in g./mm.^ referred to the momentary cross
section of the extended test piece and y for the elongation. For a compound
containing 100 parts of rubber and 8 parts of sulfur, vulcanized for 40 min-

^Compt rend., 152, 320-322 (1911).
Soc. Chem. Ind., 38, 347T (1919). Emil

Hatschek has given a further discussion of
Uie mathematical form of the stress-strain
curve in /. Soc. Chem. Ind., 40. 251-253T

(1921). Compare also W. B. Wiegand, Indie
Rubber 60, 379-383, 423-429 (I92C), and
O. de Vries, /. Soc. Chem. Ikd., 39. 308-3 lOT
(1920) where the development by Schidrowitz
is criticized.

Soc. Chem. Ind., 38, 348T (1919).
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+ c 'll- P3' C \r 3an0 obtained tlie folloAving illustrative values:

”
_ _10 33 C= 85*4 If A' is the stress in g./mm.^ referred to the original

section.’ and if it is assumed that the volume is constant ( see pages 398
h

cross

and 401 j, then
X = X {y + 1) C2!a

and equation (21 j
becuines

Xv (v 4- 1) — Cy -r 1) 4- O’ = 0

I'rom this fundamental equation Ariano obtains comparatively simple ex-

pressions both for Young’s modulus of elasticity E and for Poisson s ratio

- r r n- V ,
he

E=^ I 22 :

^ y ic' — c) 4- be

in the last e.iuation use is made of the constants b' and r' which result from

and r of equation ( 21 )
when y stands for the transverse_contraction^ llhu-

trative values of these constants are b =— O.680 ;
c — 119./^ for die

compriund mentioned above m the case ot minimumJoadmg f-' — Op M -
0 471 ^t the highest elongation reached (y= 10.oo), /<. had decreased tn

'lie ialui 0.060. ( Arc p. 398. ) The work of extension may lie deduced tnnr.

^nation 1 21 ( by integration. The resulting formula corresponds to equation

( ill which held for compression.

b

As has alreadv been emphasized, this work of extpsion is not all reversibly

stored up as potential energ>^ when the elongation is large ;
only a part ot it

is available again. The difference represents the hysteresis loss winch u

always to be observed in cycles of loading and unloading. (Sec the follow-

ing paragraph.)
. , ,

- i. ,1

TI’c Iw-tereds i<i,s in a compression cycle applied to rubber in the shape ol a hahor.

has been fu'ivAiscussed i.y J. R. Sheppard and W. h Clapson* [Ind. hng.
(

'em. 24

ih cibdi : 'Rubber Cher.. Tech.. 6, 126 (1933)]. Hysteresis losses were ot the order

ni 29 t«t o5 per cent rif the wttrk of compression, when the strain was near rupture.

Stress-Strain Curves for Loading and Unloading. If the curve of a

loading and unloading cycle be plotted on a stress-strain diagram, the points

representing pairs of values of stress and strain for retraction will not a.i

on the same cuiwx as those for extension. Instead, the elongation correspona-

ing to anv loading wdll be greater on the retraction curve than it was on the

elongation cimx. This is true even w^hen the load is reduced to zero, since

a permanent deformation remains. Accordingly, w^e speak of an elastic

after-effect and of elastic hvsteresis, and consider this phenomenon to be

analogous to the phenomenon of residual magnetism found m the magnetiza-

tion and demagnetization of iron. In Figures 59 and 60 are shown

illustrations of the course of such cycles. The first figure shows the be-

havior of a test ring stamped out of a smooth slab of crude sheet. Ihe rm^,

w'hich w^eiglied 1.5 g., w^as of the usual dimensions for testing purposes, ano

was slowlv elongated on a Schopper dynamometer. The ordinates represent

the values of the acting force in kilograms. Both the distance of oi

the drawbar in meters and the amount of elongation (in per cent) o

original inner circumference of the ring (14 cm.) are marked on t e ^

* Translator’s note by X. J.



HYSTERESIS IN RUBBER 405

The large hysteresis loop was obtained from the first cycle of
doiigation of the ring and the smaller loop from the second cycle, taken ini-

siediately afterward, using the same ring. The measurements were made
room 'temperature, with a drawbar velocity of 12 cm. per minute. The.sc

I'jiecilications are included in order to emphasize the fact that the stress-

^raiii relation is very greatly dependent on the time and temperature, and i.>

d-.aracteristic of the test piece only at the particular instant when determined.
.Measurements made after an interval of several months, for e.xample, might
yield considerably different results.*® In regard to these consideration.s,

crude rubber is much more sensitive than vulcanized rubber. Turning again

Figure 59— (Above)—Hysteresis curves:

Curve 1 : Typical first extension and contrac-

tion curve for raw rubber.

Curve 2: Typical second extension and con-

traction curve for raw rubber.

(According to L. Hock and S. Bostroem.)

Figure 60— (Right)—Hysteresis loops with reversal

lit 600% and 800% extension, for 1.5 grams of vul-

canized rubber (F), and with the reversal at 600%
for 1.5 grams of raw rubber {R).

(According to L. Hock and S. Bostroem.)
Elongation, per cent

10 the figure where the directions in which the curves were run are shown
by arrows, we see that the required force increased rapidly up to an elongation
of about 100 per cent, while for further elongation the force remains prac-
tically constant. At that point there appears a flow phenomenon, which is

characterized by the fact that the overcoming of a practically constant re-

sistance permits of further elongation. According to the molecular concept,
it maybe supposed that what is taking place is merely a rearrangement of the

molecules or micelles of which the rubber is built up. Also we here find

support for the supposition that in this stage of the elpngation process, an

“See also the discussions by L. Hock IKaut- the ring dimension and the motion of the
sck%k, 3, 314 (1927) ] concerning the plani- drawbar. See also p. 500.
metric determination of the work of elonga- For example, see S. Bostroem, KoUmdckem.
tion and concerning the connection between Beihefte, 26, 465 (192S).
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alignment the molecules takes place, assuming that they are oljlono-
ir,

shape.^^^

A considerable permanent set remains after the complete relaxation of t]>

tension, and the second cycle is begun at that point. The percentage eloncra-

tion is again calculated on the basis of the original inner circumference^j-'

the ring. The shape of the second curve is entirely different from that of the

first. Beginning with a small value, the force increases constantly miff

the point of reversal is reached. After the reversal, the retraction ciirvt

returns very closely underneath the retraction curve of the first cycle. If

the experiment be repeated, the hysteresis loops for subsequent cycles vdli

coincide closely with the second cycle and with one another.

Figure 60 shows a hysteresis loop for a similar ring of vulcanized rubier

which was prepared from the same crude rubber by the use of sulfur (6 per

cent) and \hilkacit (1 per cent). For comparison, the curve of Figure p
(R) is given again. It can be seen that the curve (V) for the vulcanized

rubber lies high above that for the crude rubber. The same curve repre-

sents two experiments. The maximum elongation of the first cycle was (Mj

per cent, as in the case of the crude rubber. The elongation for the second

cycle, fur which the retraction curve is broken, reached a value of 800 per

cent. For any given elongation, the mechanical work performed in stretd:-

ing the ring, which is expressed by equation (11), is given by the area in-

closed between the curve and the elongation axis. By comparing the area.'

of the hysteresis loops we can see how much energy loss results from hystere-

sis for any cycle. This energy loss represents work done in heating and in

permanently changing the form of the ring. At 600 per cent elongation, the

areas of the hysteresis l(.>ops for crude rubber and vulcanized rubber art

approximately the same, in spite of the fact that the work of elongation for

crude rubber is only about one-fourth as much as that for vulcanized rub-

ber. The vulcanized rubber, therefore, shows a proportionately smaller en-

ergy loss, which is accompanied by a smaller permanent set, as can be read

off on the elongation axis. Also, in more highly' vulcanized rubber there

less difference between the first loop and subsequent loops, which are no:

shown on the figure. A further discussion of these curves and a comparison

of the amount of work involved in the different cases will be presented later.

However, we may' note here that the capacity of the rubber for storing ui

mechanical work is increased to an extraordinary degree by vulcanization.

This is particularly evident from comparisons of samples of the same com-

I See also p. 500.

)

The stress-strain curve for soft rubber, such as the typical curve shown

in Figure 60, niay^ be contrasted with such a curve for steel or iron. It will

be seen that, along with the great difiFerence between the moduli of elasticity o:

the two, the elongation of the metal will be small for small stresses until the

elastic limit is reached, after wdiich the elongation will increase more rapidly

than the stress. This effect is even more evident at still higher elongations

''See L. Schiller, Dissertation, Leipzig, 1911
iset' aisit p. 41 S of this book). In addition:
L. Hock, AV. J-Z., 35, 40 (1924). The
work of H. Lorenz. ‘'Verhalten fester Korper
im Fliessfjereich” (Leipzig, 1922), in refer-
ence to dow phenomena in general should also
be mentioned here.

* The dependence of the nature of the stress-
strain upon the degree of vulcanization can
be used

_
as a criterion for the technical de-

termination of the optimum cure; see for

example R. P. Dinsmore and A. 0. Zimmer-

man, India Rubber A, 72, 187 (1926), H. P.

Gurney and C. H. Tavener, /. hid. Enj

Chenu, 14, 134-139 (1922), as well as H. P.

Gurney, ibid., 13, 707 (1921). These auto
investigated—from a technical point of view—

the capacity of vulcanized compounds for st^

ing energy (hysteresis, etc.). Para

and plantation rubber were compared, and tw

influence of the previous treatment of ts*

crude rubber was studied.
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'A'heii the yield point is reached. Rubber behaves in a manner which is ex-

actly opposite; in the region of low tension a large elongation corresponds

to a given stress increment, but when higher stresses are reached the cor-

responding inclement in length is much less, until at last the stress-strain

curve runs almost parallel to the stress axis. Therefore in the region of

tension which just precedes rupture, the rubber experiences almost no elonga-

tion. This behavior gives jihe twice bent, S-shaped curv’e which is tvpical

of soft rubber compounds.'^^
^

Observations on the elastic after-effect have been made by investigators

who have been concerned with the determination of the constants of rubber.

A thorough investigation by Hesehus has led to the conclusion that, for

reformations of short duration—provided they are not excessively large

—

tiie elastic after-effect is vanishingly small. Even if the rubber has not

previously been stressed, it returns quickly to the equilibrium condition as if

i: had been previously stressed. The greater the surface for a given mass,

the less prominent is the elastic after-effect. The after-effect can also be

reduced by increasing the temperature.

At about the same time, Bouasse also investigated the elastic after-effect.

He studied particularly the results of successively repeated loadings. A.
Aliwartz^^ has conducted a very commendable systematic series of experi-

ments in regard to the same subject.^^

Phillips has investigated the important influence of time. He observed

ihe increase in elongation under a constant load, and the dependence of the

flastic after-effect upon the time which elapsed after the load was applied

and after it was removed. He obtained thereby a logarithmic function of the

time

x = b\ogj^
(
24 )

where x stands for the residual elongation, t the time elapsed after loading,

and /o the time elapsed after unloading. The constant b is dependent upon
the rubber being tested.

The Effect of Temperature on the Stress-Strain Curve. Since the
elastic after-effect and the occurrence of hysteresis loss are of outstanding

dgnificance for the technical evaluation of rubber compounds, the methods of

their measurement belong in the domain of rubber testing. However, some
if the general facts will be discussed here. In this connection J. C. Shedd
and Ingersoll have thoroughly investigated the elastic hysteresis and the

influence of heat upon it. The tests were made on strips of rubber which
were loaded either by means of a scale pan and shot or by water. The load

was changed by steps which were separated in time by hours or days, while at

the same time the corresponding changes in elongation were determined by
means of a cathetometer. In this manner they obtained hysteresis loops such

* An
^
interesting technical comparison of vul-

canized rubber with steel in regard to me-
chanical performance has been made by W,
A. Gibbons, India Rubber World, 75, 317
C1927)._ In analogy to the theory of “cor-
responding states,” metals should properly be
compared with rubber only when the latter
IS at very low^ temperatures. It should prove
very fruitful indeed to make the comparison
under those conditions. (See Polanyi and
pclioh, p. 431.) E. Himgerer and J. Koenigs-
i>erger [Z. Phystk, 31, 903 (1925)] refer
to nib.ier, which is strictly elastic in regard

‘^^^'ovmatinns, as a substance without
noticeable plasticity, in contrast to materials

such as metals (or waxes and rosin), which
can be plastically deformed.

J. Russ. Phys. Chem. Soc., 14, 320-3S5

(1882); Bcibl. Ann. Physik, 7, 654 (1883).

Ann. Sci. Toulouse [2], 6, 177 (1904).
45/, Inst, Elec. Eng., 44, 693 (1910); India

Rubber J., 39, 104, 147, 278, 341, 410
(1910).

48 Information about additional investigations is

given by G. S. Whitby, ‘plantation Pubber
and the Testing of Ruliber,” Longmans,
Green & Co., London, 1920.
Phil. Mag. 161, 9, 513 (1905).

^^Phys. R$v., 19, 107 (1904),
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as have already been described at temperatures between 11° and 93° C
lliese curves show that the hysteresis loss decreases japidly with increasin^i

teiiiperatiires, and asymptotically approaches a certain limiting value. Fie-

ures 61 to 68 show the hysteresis curves obtained by Shedd and Ingers<6

for a given compound at various temperatures lying between 11° and 93° C
Hiese curves also show the influence of temperature on the stress-.strair

curve, a discussion of wdiich will be presented later, m another connecti«

i sec p. 519 l It should be particularly noticed that in these investigation^

also, the energy taken up by rubber becomes less with increasing temperature^^

so that not only the absolute size of the hysteresis loss should be considered,

but also its size in relation to the total energy absorbed in the elongation*

Along this line, Hock and Bostroem have determined the absolute and the

relative magnitudes of the hysteresis loss both for single and repeated cycles,

using rings from unvulcanized sheets. They expressed the hysteresis' loss

in physical units of work (kilogram-meters and calories). The determina-

tion of the work of elongation for the same material at higher temperatures

gave dcliiiitely smaller values.®^ As in the experiments of Shedd and Inger-

soll, the strong negative temperature coefticient of this w’'ork of elongation is

r)Utstandingly noticeable, and is to be attributed to the rapid decrease of the

inner friction as the temperature is raised. That part of the work of elonga-

tion which is stored up as reversible potential energy, as will be pointed out

later, should show a weakt positive temperature coefficient. Such work
therefore, have a negligible influence upon the temperature function nrr^v

under consideration. (See p. 439.)

A \'ery thorough study of the physical-mechanical properties of vulcanize i

rubber at high temperatures has been made by A. van Rossem and H. van

fler }kleyclen.'"^ These studies are not only of significance in regard to techni-

cal testing, but they also throw light upon the problem of vulcanization an*J

reclaiming. Similar experiments have also been made by A. A. Somervillt

and \V. H. Cope.'^- In addition to these, R. F. Tener, S. S. Kingsbury an l

W. L. Holt have obtained tension curves for six different soft vulcanize*!

compounds over a temperature range extending from — 70° to -j- 147° C.,

thereby extending the temperature range to lower temperatures. Especial

mention must be accorded the conclusive investigation of M. LeBlanc and M.

Kroger, which has yielded valuable data with regard to the investigation of

rubber structure. iSee p. 427.) They have obtained elongation curves, to-

gether with data on permanent set, both for raw rubber and for compoiiiKh

which were vulcanized to various degrees. At the same time the measure-

ments were extended to low temperatures.

The Theory of Mechanical Disintegration. If, in addition to the work

utilized in f)rodiicing a permanent change of form, a further considerable

^ Translator’s Note, The translators point out
that this statement is iiisufBciently qualified to
he of general application. In Figures 61 to

the perr.peratv.re coefficient of the work of
elongation n:a:. re either positive or negative
tlependii'.g or. whether^ the elongations are car-
ried 10 constant maximum stress or constant
strain. sign may be rever«:ed. depending
on the e.vtent of the elongati .n cim-ideied.
and on the temperature range c-.n^idered. In
the German edition, the stress-strain axes
were irtcorrecily labelled, thus contributing to
a coniysed interpretation. The common inter-
pretation of nicfre recent data is that the
tliernral c.a-rncieni is negative for elongations
to constant strain, and positive for elongations

to constant stress. At high temperature',

rubber exhibits its maximum tensile propertic-

at shorter cures than at room temperature.

A high rate of tensile testing increases die

tensile properties in the higher temperatiiis

tests.—N, J,
KaufSi'hiik, 2, 130 (1926).
S. Bd'itroem, Dissertation, Giessen (19271

See also Kolloidchem. Bciheftc, 26, 439 (192ir;,*

t See previous Translator’s Note.

Kolloid-Z., 39, 69 (1926); also Kautschuk,

3, 364 (1927).
Trans. Insf. Rubber Ind., 4, 263 (1928) ani

India Rubber World, 79, 64 (Nov., 192K),

^ Bur. Stand. Tech. Paper, No. 364 (192H).

Kolloid-Z., 37, 205 (1925).
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nortion of the work of elongation is transformed n-reversibly into heat l,y

friction the heat so generated will result in a marked rise in temperature oi

the riihher when it is subjected to repeated periodic strains. T he amount oi

the heat so generated will be greater the greater the hysteresrs loss of the

compound in proportion to the work of deformation andjr^l also depend upm

the absolute magnitude of the hysteresis loss. Hock has de\ eloped a

nualitative formula which expresses the resistance of a compound to me-

chanical disintegration in terms of its work ot elongation and its hysteresi.

U.ss This expression predicts the amount ot internal heat which will be

generated and which will tend to bring about a chemical decomposition of the

Resiliency A.n extremely quick method of determining the hy,-

teresis loss for impacts may be made by means of the elastic rebound. Thif

elastic rebound may be simply measured by the relative height H to which c

steel ball will bounce after falling on a rubber slab from a height H. Hie

relative livsteresis loss will then be \'arious methods of measuring

this elastic rebound have been developed by R BrernHy (Elastometer,, .h

Scholl'"* (Pendulum Hammer; and L. Hock
(,

hailing Ball [kngc!-

4eitwurfapparat] ,). Fol determined the relation between elastic rehuim:

and temperature by means of the elastonieter. These results, as well as uther^

obtained bv Schob using the pendulum hammer, were in agreement with thc

above conclusion that an increase in temperature resulted in a coiisideiyi-.-

decrease in the relative hysteresis loss, which decrease must he ascribed f.

the decrease of inner friction.®!
^ i ,

Rate of Elongation and Hysteresis. K. Memmler and A. Schub - ha .e

made a systematic study of the influence of the time element in loading upui:

the tensile strength and the stress-strain curve and have also studied tht

phenomena of the elastic after-effect after the load was removed, bince these

investigations are of importance in the criticism of technical niethods t:

testing- they will he treated more thoroughly in another place. Suffice it here

to" stale that with each change in the method of straining the rubber llicr--

was a change in the amount of hysteresis. H. Feuchter c® was able to sbiw

that raw rubber exhibited a large permanent set (50 per cent) when ii.:

elongation and retraction took place rather slowly. When the rublier Wwr

stretched out quickly to about 500 or 600 per cent elongation and allowed x

snap back immediat'elv, there was a permanent set of only abouty per cent.

\\'hen the strip ( 2x2x20 mm.) was kept in the elongated state for a seconds, a

permanent "racking” of 500 per cent remained. A further consideration -c

the peculiar elastic behavior of raw rubber will be presented later, ilie

particularly striking example was given in this connection merely to show tna.

the course’ of the stress-strain curve and the magnitude of the atter-ettect

depend not only upon the change in length, but also upon the manner in

which this change in length is produced. {Sec also p. 432.)

5= Kautscliiik. 1. 14 (Sept., 1935). In regard

to the teclinique of such tests, see p. 589 ot

thi® hiook.
58 t? ’7 'C'fJ h t J .»jT.-.

-n^ti^-pcrch::. 5, 2186 (1908).
ss Cummi-Ztg., 34, 995 (1920); see also p. 571

of this book. . t- t i. ,

tech. Physi]?, 6, 50 (1925); Kautschuk, 1,

19 (Sept., 1925). „ ^
Cf. van Rossem, KoUoidchem. Bcihefte, 12,

171 (1920).
A thorough analysis ot impact phenomena

(duration of impact, duration of effective

contact, phases of impact, dynamic hardney'

for both hard and soft
‘f

G. Moreau, Ann. phys., 14, 306o33 (ly-J -

See also L. Hock, loc. cit.
ra n

®- Mitt. Mnferialpriifungsamt, Bcrhn-Dahlm, *’

(19Ci9)' lee alsci tiie :rmri: complete treat merit

on p. 404 of this book, as well as the sectwn

on “Physical Testing Methods. P. iWu i

has also investigated this C

chouc & gutta-percha, 1, luO,

^Kaiitschuk, 3, 149 (1927); 4, S (19-^;.
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7he consTaiiL& L^^mimuiusy ubea ov jcvarrer iina.

Vrq Chem., 21, 770 (1929) J and may be classified as elastic constants, pseudo-plastic

ind plastic constants. The elastic behavior of a rubber may be completely defined by

^hese five constants. The reader is referred to the original work for mathematical

.;etails.

The influences of temperature and of the rate of elongation upon the stress-

strain curve of raw rubber are shown in Figures 69 and 70, which show some
nf the results obtained by E. A. Hauser, P. Rosbaud and E. Schmid *5^ in an
'Vwestieation of this question. {Compare also Fig. 77, p. 441.)

Figure 69—Stress-strain curves at

various temperatures.

I According to E. A. Hauser, P.

Rosbaud and E. Schmid.)

1
Stress calculated on original section.)

Figure 70—Stress-strain curves for

various rates of extension.

1 .According to E. A. Hauser, P.

Rosbaud and E. Schmid.)

(Stress calculated on original section.)

Curve 2 taken at about 0.025%/sec.

Curve 3 taken at about 0.1%/sec.

Curve 4 taken at about 3.0’%/sec.

Finally, in this connection should be noted briefly the work of O. de\'ries

and H. 1. Hellendoorn.^^ These investigators studied the relation between
the degree of vulcanization and the permanent set, which decreases as the

degree of vulcanization increases. (See p. 606.) The study of F. W. G.

King and A. G. Cogswell in regard to the action of continuous forces on
rubber should also be mentioned. The influence of the degree of vulcaniza-

tion is also treated in the above-mentioned work of LeBlanc and Kroger.

The effect of compounding or reinforcement of the rubber upon the h\'steresis losses

has been studied by H. Barron and F. H. Cotton* [Trans. Inst. Rubber Ind., 7, 209
d931)

; Rubber Chem. Tech.^ 5 , 336 (1932)]. They found the following results:
“1. The hysteresis loss in vulcanized rubber during a cycle of extension and retraction

increases with amplitude to an extent comparable with the increase in the work
of extension.

^Kautschuk, 4, 12 (1928); also Z. tech.
Phystk,^ 9, 98 (1928). A space model of the
efengation-flow curve is given there, as well
as the experimental details.

fls/. 5ac. Chem. Ind., 36, 1258-1262 (1917)

India Rubber 63, 30-32 (1922).

* Translator’s note by N. J.
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“2* If the wnrk required to extend a vulcanized rubber to a given elongation be in-

creased by compounding with fillers, the energy lost through hysteresis on slow
retraction increabcs to a comparable extent. Hence reinforcement does not ap-

preciably increase the ability of rubber to store energy, ^

“3. With any rubber vulcanized to optimum tensile properties, hysteresis loss and work
of retract i<jn from any elongation are proportional to the work required to extend
to that elongation. Therefore, if the hysteresis loss during a given cycle be known
the work of retraction from the breaking point can be calculated.

“4. The work of retraction of the ultimate breaking point of a vulcanized rubber in-

creases slightly with reinforcement, and becomes greatest when the reinforcement
is at a maximum. This is thought to be a function of the rubber-filler interface.

“5. Xo filler was found to lessen the work of retraction from the breaking point until

the rubber was highly compounded.
“6. It is suggested that the irxreased work required to rupture rubber that has beer,

reinforced with fillers is mainly dissipated in overcoming consequent increased
internal friction, a small quantity being converted to potential energy through
strain of the rubber-filler interface.”

A comparison between the physical properties of rubber and balata is given

by the stress-strain curves obtained by C. R, Park.®'^ Balata, when loaded,

elongates in a manner similar to a metal. A mixture of rubber and balata

shows the properties of a transition material. It can be said that high tem-

perature makes the balata behave like rubber, while low temperature makes
the rubber behave like balata.

The Physical Structure of Rubber as the Cause of Its Pecull-\r

Thermal and Elastic Properties (The Gough-Joule Effect)

Summary of Phenomena Connected with the Gough-Joule Effect

Thomson's Theoretical Suggestion. The discovery of William Thom-
son (Lord Kelvin) that a rubber strip will become heated when elongated

quickly to a considerable degree, marks the beginning of a fruitful series of

investigations of the unusual thermal and elastic behavior of rubber. This

behavior, which is the opposite of the behavior of metals in this respect, led

to the conclusion that an elongated rubber strip must become shorter when
heated, according to a thermodynamic principle which had already been

pointed out by Thomson. From the two fundamental laws of thermodynam-
ics, it follows that a stretched wire must shorten when heated if the process

of elongation produces heat, and it must lengthen when heated if the elonga-

tion absorbs heat. These laws also follow directly from Le Chatelier's law.

Joule's Experiment. The prediction of Thomson was experimentally

verified by Joule,®® who used a rubber tube elongated by weights to three

times its normal length. When the tube was warmed by the heated air from

an alcohol flame it became noticeably shorter. . This experiment can easily be

repeated by passing a stream of hot air or steam through an elongated tube.

The shortening can be made easily visible by means of a lever with a pointer

and scale.

' Ind. Emi. Chem., 17, 152 (1925).

® See J. P. Joule, Trans. Roy. Soc. (Lon-
don)^ 149, 91 (1859). In tliis classic work
is found reference to the priority of John
Gough, who was the first to study the pecul-
iar behavior of rubber, {See p. 404.)

This experiment is described more in detail

in the book, “Heat,” by J. Tyndall; (Germaa
translation, “Die Warme,” by Helmholtz and

Wiedemann, p. 114, 1871).
The experiment had already been performai

by J, Gough (1805), using raw rubber (see

p. 415).



RUBBER HEAT ENGINES 413

Wiegand’s Pendulum. W. B. Wiegand has recently demonstrated
the Joule-Thomson effect, in a particularly dear and convincing manner He
utilized the contraction of the rubber to make a periodically-acting heat engine
in which the substance which performs the work is a thin strip of vulcanized
rubber instead of water or an explosive gas mixture. Assuming complete
reversibility of the elongation process and of the thermal manifestations
connected with it, the rubber band can be carried through a cyclic process
analogous to a Carnot cycle.’’^ The assumption of complete reversibility T-

of course fulfilled in rubber only to a certain practical extent. The rubber
in an elongated state increases in temperature bv absorbing a quantity of
heat, thereby contracting and performing work. The rubber is then brought
to a low'er temperature and maintained at that temperature while being elon-
gated by means of work done on it from without. The heat given oftliy the
rubber during elongation is absorbed by the surroundings. If this elongation
be just enough to bring the rubber back to its original elongation, the cycle
will be completed by bringing the rubber up to its original temperature. ' 1 f

the rubber is enabled to perform work by taking up a quantity of heat 0 at a
high temperature Tj, the fractional part of that heat which can l)e trans-

T -T
formed into work will be— where 72 is the lower temperature, provided

the assumption of the reversibility of the elongation process is correct.

According, to this fundamental principle, Wiegand constructed his periodi-

cally-acting machine, which is illustrated in Figure 71. This machine con-

Figure 71—“Rubber PendulumT
(Joule experiment.)

(According to W. B. Wiegand.)

bists essentially of a pendulum formed by a long iron rod attached to a knife
edge and hanging from a bearing attached to a support Above and below
the knife edge A are sliding weights P, which may be clamped at any point
along the bar, and which are so adjusted that the assembly swings as a pendu-
lum to the right or left in a fixed plane. One end of a rubber band K (IlOx
30x0.5 mm., for example) is fastened in a clamp which is in turn attached to

Trans, Inst. Rubber hid., 1, 141 (1925); see Cheraie auf elementarer Grundla^e,” edited
aiso India Rubber World, 73, 200 (1926). by L. Hock, 2nd ed,, p. 40, S. Hirzel, Leip-

- zig, 1929. English translation, “Physical
Sefi, for example, a textbook o£ physics, or Chemistry,*’ by S. J. Gregg, Van Nostrand,
John Eggert, “Lehrbuch der Physikalischen New York, 1933.
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a rod on the support just underneath the knife edge, while the other end i,‘

the band is fastened in a clamp which is hooked to an eye on the pendului-

rod. Wlieii the pendulum swings out, the rubber band, which is under an
elongation of 100 to 200 per cent, is subjected to an added tension. The riik

her is then at the starting point of the theoretical cycle described above ahe
point at which the addition of heat will bring about a contraction). The
radiation from an electrically heated resistance unit furnishes this heat to tht

band, which is intentionally blackened. The pendulum immediately swint?,

back to the center under the force of contraction of the rubber Ijar-d, and
it swings on over to the other side it again puts the rubber under tension.

Here the radiation again strikes the rubber and the pendulum swings back

into its first position again ; and so on. It is advantageous to enhance tht

action of the device by directing a stream of cold air against the rub])er bank

during that part of the period when the band is being elongated. Wlien tliif

unusual heat engine is used to illustrate the theory of cyclic proce.sses—a irt

for which it is recommended—the cold blast furnishes an obvious example of a

heat sink at the lower temperature. In the same article, W’iegand clescriiic^

another periodically-acting heat engine, consisting of a wheel which is cause]

to rotate about an eccentric axis by the action of a source of heat. Both c;

these devices are based upon the fundamental Gough-Joule effect.

Both the pendulum and wheel mechanisms for the demonstration of the Guugh-Jtib-
effect are rn.ite relial'lv mechanisms for such a demonstration.* One nujdel of each*t\p
operated c for 150 days at the Chicago Exposition (“A Century of PrugrT^
Exposition”) during the summer of 1933, with only occasional attention. In a persir.:;;

interview' with the translator early in 1933, Mr. Wiegand described three other t\^>e^ i

heat engine involving the Cough-Joule effect in rubber. There were described twu varia-

tions of the pendulum mechanism. Both of these involved a mass suspended b> tin-

rubber element, rather than by a rigid bar^ or rod. In one, heat was applied tu th-

suspending rubber strip at each end of its swing, so as to increase the potential energy .

;

the mass for the start of the reverse swing. In the other, heat was applied at the cebttr

of the swing, to shorten the effective radius of the pendulum at the point of maximun:
kinetic energy, thus increasing the potential energy. The third mechanism was essentiaii;.

a rubber refrigerating element, which was subjected to the follow’ing cycle: (1) elunga-

tiun ; t2) cooling to room temperature; (3) introduction into insulated refrigeratb:

chamber, with simultaneous retraction, which causes cooling; and (4) removal fmn:
refrigeration chamber preparatop' to next elongation. A rubber band could be sul*

jected to such a cycle of operations in a continuous manner, for demonstration uf the

Gough-Joiile effect.

Joule’s Measurements. Joule was the first to make a careful measure-
ment of the heating produced by elongation (which corresponds to the coolini:

caused by contraction). iMeasurements were made on both crude and vul-

canized rublier, the results for the former being given in Table 3.

The rubber strips were loaded step by step b}^ weights placed on a suspends 1

scale pan, and the corresponding elongation noted. The momentary cliaiigv>

in temperature which accompanied the additions of weight were deteniiiiiel

by means of a sensitive thermocouple, the junction of which was held in con-

tact with the rubber strip. By removing the weights from time to time, Joule

observed the considerable permanent set which existed. He considered tlii.-

to be so disturbing to his experiment that he (unfortunately) turned to the

stud}’ of ^u:canI2 eci rubber exclusively, since it behaved in a practically re-

versible manner. It should be noted that in the first stage of elongation, an

appreciable cooling was found, which was immediately followed by an in-

creasing heating effect. In Table 4 are shown the corresponding results ob-

tained by Joule when using vulcanized rubber.
* Translator’s note by N. J.
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Table 3.— The Heating of Crude Rubber as a Consequence of Elongation
(Work of Joule).

Gengtn oi me rubber m inches Change
in temperatureUnder the influence After the removal

-}
; of the load of the load " C.

__ 0.59 0.59

2 0.67

4 0.77 — —0.002
6 0.94 — A 0.020
8 1.13 — A0.O59
10 1.45 0.71 t-0.139
12 1.75 0.90 -^0.370
14 — — +0.537
16 2.14 — +0.657
18 2.36 1.02 -^0.750

Table 4.

—

The Heating of VulcanEcd Rubber as a
(Work of Joule).

Consequence of Elongation

Load applied Length of the rubber Change in temperature
Pounds Inches ° C.
— 4.00 __

2 4.06 —0.003
4 4.17 —0.004
7 4.30 —0.004

14 4.80 —0.001
21 5.21 +0.014
28 5.87 +0.053
35 6.60 +0.095
42 7.25 +0.13/
49 7.75 +0.180

J.
Gough as the First Observer o£ the Gough-Joule Effect in Rubber.

It is of historical interest to note that J. Gough had previously observed the

peculiar elastic properties of rubber and that the priority in the discovery of

the thermal effect in rubber should rightly be attributed to him, especially

4nce he studied the phenomenon rather carefully. His observations have
'imply remained unnoticed, while those of Joule have become widely known.
Joule states that he did not become aware of the work of Gough until after

his own similar experiments with vulcanized rubber had been completed. As
eariy as 1805 Gough had determined, by touching crude rubber strips to his

hps, that the rubber ^vas heated by stretching and cooled by contraction. A
strip of crude rubber elongated by a weight was found to shorten itself when
Heated, and to lengthen again when cooled. If elongated while immersed in

cold water, the rubber retained its elongation until the strip was warmed,
vdien it again contracted. Gough was also right in one observation concern-
ing which Joule disagreed with him ; i.e., the density of rubber increased when
tbiigated. If this disagreement does not result from a difference in the re-

liability of the experiments it might be cleared up by the fact that Gough
experimented with crude rubber while Joule used vulcanized rubber. Fur-
thermore, Joule determined the density of a sample elongated by only 100 per
cent, in which case the effect would not be very noticeable. In addition, com-
pounded rubber often actually does show an appreciable decrease in density
on elongation. Schippel concluded, after a systematic investigation, that
this decrease in density was due to the formation of small vacuoles between

^-J. Gough, Memoirs of the Lit. and Phil. Soc. the discovery of the effect by calling it the
of Manchester, 2nd series, 1 , 288 (ISOS). Gough-Joule effect. The so-called Joule ex-
Tne present writer considers himself justified periment was really first performed by Gough.
TO emphasizing the part which Gough had ini Ind. 12, 33 (1920).
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the rubber and the filler or pigment particles. The existence of these vacuole^
was microscopically verified by Green.'^^ That the rubber itself become^
more dense on being stretched has been demonstrated, in the case of iinviib

canized sheets, by Hock and by Feuchter.'^® Test strips elongated to 6t4
times their original length had a density of 0.942 in the elongated state 1

0" C j

and a density of 0.923 when relaxed, thus showing an increase of 2 per cent
in density on elongation. Both Feuchter and Kirchhof later invcstig[:ie«; the
density as a function of the elongation more thoroughly. In this connection
mention should be made of the interesting discovery of Feuchter that

rubber which has been slowly “frozen’’ by being stored in a cold warehouse
has a density greater by 1.6 per cent than the same rubber when thawed out
again, i Sec also p. 432.)

Older Work and Theories Concerning the Elongation of Rubber. If

the !)ehavior of rubber was to be in qualitative agreement with the second
law of thermodynamics fas predicted by Thomson) it was at first anticipated
that it would show a negative temperature coefficient of linear expansion
Lebedew,*’^ however, showed that the density of stretched rubber decreased
with increasing temperature. The decreasing density means that the volume
coefficient of expansion must be positive. The fact that the length decreases
and the volume increases with increase in temperature leads to the conclusion
that the coefficient of linear expansion in the direction of the elongation is

negative, while the coefficient of expansion in a direction perpendicular to the

elongation must be positive. This anisotropy of stretched rubber has been
investigated Iw Bjerken, who studied the double refraction of thin rubber
sheets after Kiiiidt, Scherr-Thoss, and Pulfrich had observed that rubber
becomes dichroic when stretched or pressed. In the unstressed state, on the

other hand, rubber is altogether an isotropic medium, with optical and me-
chanical properties the same in all directions. According to Bjerken’s obser-
vation, the index of refraction for the ordinary ray is larger than the index
for the extraordinary ray, which characterizes rubber as an optically negative
f)ody.'**

Oil the !)asis of these older discoveries, an explanation of the peculiar be-

havior was sought, and many hypotheses have materialized. Some of these

hypotheses have been found to be useless, and others have been abandoned
because of disagreement with experimental facts. In the present work, all

of these theories are not discussed. (They have been reviewed in the studies

of Slingervoet Ramondt, mentioned on p. 395.) The present discussion i?

confined to a few of the most fruitful theories. It must be kept in mind that

even today, despite the accumulation of further experimental knowledge
which will be considered shortly, there is no comprehensive hypothesis which
explains all the phenomena. Accordingly, the reliability of our theoretical

insight being what it is, we are not justified in ignoring any attempted solu-

tion which is fundamental and which is based on facts. The theory of R.

Schmiilewitsch seems to be the one least open to objections, when all the

bid. EsPh Clwm., 13, 1029 (1921).
•^Qualitatively: '.f-Z . 35, :0 (1924

Quantitatively. ’ on a tei
i'lece who’.Iy tree from objection. Z. Elecfn
ere;;:., 31, 404 (1925).

‘Hjummi-Ztg., 39 , 1167 (1925); also Kait
srhifk, 2, 260 (1926); see also F. Kirchho
katftschik. 2, 151 (1926).

II V Chem. Soc., 13, 246 (1881'
PhysiK 14, 177 (1882); st

ai^o Dissertation, Bonn, 1881. Scherr-Thosi

Ann. Physik, 6, 270 (1879). Bjerken, Am,
Physik, 43, 818 (1891). In reference to

double refraction, see particularly p. 418 and

p. 466.

‘®. See also the work of L. Schiller in regard

to the dielectric constant of elongated rul>

ber; p. 418. Another investigation by

Kroger (p. 466) shows positive double re-

fraction.

^Ann. Physik, 144 , 280 (1872).



THEORIES OF RUBBER STRUCTURE 417

facts are considered. 1 his theory ascribes to the rubber the positive linear

thermal expansion characteristics of solids, and explains the contraction as

the result of an extensive change in the elastic reaction due to the rise in

temperature. The anomalous behavior of rubber with respect to its exten-

sihiiity is thus explained, and it is obvious that the elongation of rubber in-

volves a structural phenomenon, the effect of which is superimposed upon the

normal behavior of the rubber. The nature of this structural phenomenon is

as yet undetermined, but with further experiments it may be determined more
and more definitely.

In order to find an adequate explanation of the behavior of rubber, there

must be developed some concept of its physical structure from which infor-

mation regarding the elastic behavior of the rubber can be derived. Malbjck
compared rubber to a mixture of oil and chalk, from which a plastic stick can

be formed. Such a stick exhibits considerable extensibility as long as the

oil forms the continuous medium in which the chalk is dispersed. The fun-

damental part of this conception is the assumption of two phases, one of

which is rigid while the other is mobile. The combination of these two ele-

ments results in a structure having elastic properties. A further development
of this polyphase theory was offered by Fessenden.®^ He conceives of rubber

as consisting of a combination of a soft-plastic with a hard-elastic medium,
as in a model composed of spherical copper shells filled with water. An
elliptical deformation of such a structure permits a considerable linear elon-

l^ration without excessively straining the solid shell. Assuming that the rubber

is composed of adjacent solid portions (corresponding to the copper in the

analogy) and of a plastic mobile substance (corresponding to the water), the

^Teat extensibility of rubber can be pictured. Cheneveau and Heim make
the opposite assumption that a solid nuclear substance is surrounded by a

soft shell. The original ready extensibility depends upon the deformation of

the soft shell at first. Just short of the breaking point the solid nuclei are

pulled apart, considerable force being required. In a similar manner R. \V.

Limn attempts to explain the elastic behavior of rubber and the Joule effect

1 y considering the rubber to be a very viscous liquid in which are suspended
-phcrical particles filled with liquid. These theories leave the question open

as to the exact nature of the two constituents and as to which constituent

forms the disperse and which the continuous phase.

Wolfgang Ostwald’s Theory of Isocolloids. An answer to this ques-
tion had already been furnished by Wolfgang Ostwald,®^ long before Hauser s

investigations by means of the micromanipulator (see p. 56) had cast light

on the two-phase nature of the latex particles. Ostwald's explanation in-

volved the conception of "fisocolloids’' or ‘fisodispersoids,'' which terms had
originally been proposed by Ostwald himself. Plastic sulfur, styrene, meta-

styrene, etc., furnish examples of such systems. “In these systems, the dis-

persing medium and the disperse phase are the same chemically, but differ

from each other in that they are modifications of the same substance, such as

monomers and polymers, allotropes and isomers, etc. In synthetic rubber

the tv\ro phases are isoprene, butadiene, etc., in the monomeric and polymeric

states. According to the physical stage of the polymerization process, a vary-

IProc. Roy. Soc. (London), 46, 233 (1889).
Franklin Inst., 142 , 187 (1896); see also

p. S. Whitby: “Plantation Rubber and the
of Rubber,” p. 257, Longmans, Green

k Co., London, 1920 .

^Compt. rend., 152, 320 (1911); also see the

further development with regard to the stress-

strain curve, p. 403.
84 /, Xoc. Chem. Ind., 44, 247T (1925).
8® Ostwald, Wo., *‘Die neiiere Entwickhmg der

Kolloidchemie,” p. 23. Th. Ste-hik-ipit, i):es-

den and Leipzig, 1912.
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iiig ^tnlctllre may exist, which without doubt consists in the beginning of an

emulsion of polymerized hydrocarbons in the monomer. As the polymerized

disperse phase increases, the droplets unite to form a network, and then crtni-

bine to produce a hone\*comb structure enclosing drops of the monomer, wliicli

thus becomes the dispersed phase. This process is similar to the setting of

gelatin, agar, etc., according to the theories of W. B. Hardy. In natural rub-

ber there is in addition the secondary coagulated ‘heptogen’ membrane of pro-

tein, which is formed by adsorption and which surrounds the latex particles.

Xatiiral ruljher is thus a complex isodipersoid.”

The Joule-Effect in Muscles and other Animal Tissues. It should

l>e mentioned here that phenomena corresponding to the Gough-Joule effect

have been observed in gutta-percha and above all in biological substances.

On account of the obvious relationship of these phenomena to those occurring

in the case of ru])ber, it appears desirable to give brief mention of the pertinent

literature, with the object of facilitating a mutual interest in various fields of

work. On account of ol^servations of the Joule-effect in muscle fibers,

physiologists have long been particularly interested in the phenomenon. The
treatinent of this subject by Schmulewitsch (see p. 416 j gives evidence of

this interest. The writer is greatly indebted to Prof. W. J. Schmidt (Gies-

sen);'^" who has taken great interest in the submicroscopic structure of animal

tissues, for information regarding the experiments and the literature of this

field. By way of example, the elastic fibers from the fins of sharks may he

mentioned. These fibers shorten themselves by about one-third of their

original length in hot water, which would be an unusual shortening in the

case of riiblier. ^Moreover, collagen, the substance of sinews, shows a thermal

cnntractirm which has been found to be similar to that exhibited by rubber.

Initially, the elastic tissue of the cervical ligament of cattle shows a similar

slnnteiiing effect, which is reversible up to a temperature of 60® C. In all

these investigatirins the polarization microscope has proved to be a valuable

iiistriinient.

The Effect of Elongation on the Dielectric Constant, Before we pass

on to a discussion of the influence of later experimental results upon the de-

V ^ --f our theoretical ideas, we should consider the conclusive work
o' 1.. S/lv’^le" concerning the change in the dielectric constant of rubber

produced Ijy tension in the direction of the lines of force. This work ap-

peared in 1911, but unfortunately seems to have been practically unnoticed

liy workers in the field of rubber. Otherwise it would have greatly accelerated

the systematic investigation of the anisotropy of elongated rubber. It is to

be regretted that in discussing this matter later works have received first

attention: unfortunately the author must also answer for his delayed recog-

nition of this work. Fundamentally, the same physical measurement is made
when the dielectric constant is determined by means of low-frequency, in-

visible electric waves as is made when the double refraction is measured by

means of the high-frequency waves of visible light. However, if the key to

Sc!imulewitsc!i, Med. Jahrb., 1 (1868); of
the newer literature in regard to the Joule-
Effect in muscles, the following should be
noted: A. V. Hill, Xaturzi'issemchaffen, 12,

520 fl924); and the contribution of O-
l\leyerhof in regard to the thermodynamics
of muscles in the *‘Handbuch der normalen
nil 4 pathologischen Physiologic,’’ by A.
liethe. G. vnn Bergmann, G. Embden and
A. Eflitiger, Vol. 8, pp. I and 505. See also
rhe contribution of the same author in

“Handbuch der Physik” (by Geiger and

Scheel), Vol. 11, p. 260.
^ Arch. exp. Zrllf'^rsrhi'r.c. 6 ,

250 (G2S'):

addition Z. 81, ' (IPJ!)
fibers); E. Wohlisica, Z. Blui. 85,

(1926) (Cervical ligaments); and E.

lisch and Mesnil de Rochemont, Z. Biol, 85,

406-434 (1926) (Thermodynamics of the beat

transformation of collagens).
® Dissertation, Leipzig, 1911. See also p. 46ft

and p. 469 of thi? book.
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[lie nature of the deformation is to be found in such measurements, the low-

frequency waves would have an advantage, in that the resonance frequency

uf the molecules would not then have a disturlnng effect on the results. Thus

L. Schiller found a positive double refraction in contradiction to the previ-

ously cited result of Bjerken. The application of this result to the problem

of explaining how the anisotropy of elongated rubber comes about requires

the use of the theory of O. Wiener in regard to the dielectric constant of

non-homogeneous bodies. On the basis of the observed positive double re-

fraction and of the decrease of the dielectric constant with elongation

—

decrease from 3.67 to 3.51 for an elongation of 30 per cent in the case of

a vulcanized Para sheet (sp. gr. 0.95)—Wiener’s theory leads to the follow-

ing conclusion : the deformation results merely in an isotropic arrangement

of the molecules, while the molecules themselves experience no other change.

The anisotropy changes in a manner that would correspond to a rod-shaped
arrangement of the molecules. Assuming that the dielectric constant itself

is unchanged, it follows that either the molecules are elongated in the direc-

tion of the pull or that the molecules, which may normally ])e oblong, are

orientated from a random arrangement to one in which their long axes are

parallel to the direction of pull.

Unfortunately, this work did not at first lead those intere.^ted in rubber to

attempt the explanation of the Joule-effect on the basis of the anisotropic

structure of elongated rubl^er. It was only after the use of synthetic product-

and the introduction of organic accelerators had furnished a powerful impe-

tus, that the manufacture of rubber goods emerged from the empirical state,

and the chemists began to be interested in the fundamental properties uf

dieir unique raw material. In the last few years the problem of the structure

of rubber has been attacked anew in many places. Further conclusions ha\’e

heen reached concerning the structure of rubber, both in it> usual form in

raw rubber and in its original form in latex. These conclusions are now to

be discussed.

Theoretical Explanation of the Gough-Joule Effect and the Fiber Struc-

ture of Rubber/*' Taking up the study of Joule’s experiment Httck'"*

turned first to the peculiar properties of raw rubber which can he observed

in strips of Para rubber or smoked sheets. Joule had given up the study of

raw rubber because the prominence of the elastic after-effect was detrimeural

to the reproducibility and to the interpretation of his results. Hock Ijelieve-:

he would find a key to the theoretical explanation of the Joule-ettect in tlic

marked dependence of the elastic properties of raw rubber upon the tempera-

ture. Since the elastic properties of raw rubber are much more dependent

upon the temperature than are those of vulcanized rubber, it was expected

that far-reaching conclusions would result from this study. It is well known
that the elastic behavior of vulcanized compounds is not greatly aitected by

temperature changes within a rather wide range (between — 20'^ C. and

+ 120° C), whereas unvulcanized rubber changes from a state of elastic hard-

ness to one of unresisting softness within the same temperature range. Even
at room temperature, the elasticity of raw rubber has disappeared to a re-

Physik.-Z., 5, 332 (1904): T.rin^iccr Ber., 61,
113 (1909); 62, 256 (ly'.O). I:i reference
to the theory of ncn-li'T^oiTenennP bodies, pee
also Ambronn and Krc-y,

"

*
Akad. Verl.-Ges., Leipzig, 1926.

Translator’s Note. A similar explanation of
the Joule effect has been brought forward

ir.deperdentiv by C. R. Boggs and J. T.

Blake Ur.d.'Eng. Chem., 22, 748-55 0930)]
in connection with their determinations of

the electrical and^ other physical^ properties

of raw and vulcanized rubber. — N. J.

^Kolloid-Z., 35, 40 (1924).
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iiiarkalile extent. Artificial rubber made from polymerized dimethylbutadienc

shows a still greater dependence of this kind upon the temperature, and this

dependence remains to a marked degree even in the vulcanized state. iXIore-

uver, the age and previous histor\' of the test piece always exert a market!

influence on its elastic behavior.^^

If a ring cut from a slab of unvulcanized rubber be elongated even to a

considerable degree at room temperature, it will retract almost to its original

length when the tension is released. If the ring be elongated and held at an
el^mgation just short of the point of rupture, an extremely large elastic after-

effect will be noted since the ring will now have a permanent set of from 70

to SO per cent of the preceding elongation. Feuchter has studied this experi-

ment S3'stematically, and has called the quick intensive type of elongation

‘"racking.” The results of this very interesting investigation, which have be-

come known in terms of an extensive new terminology, will be given con-

sideration later (p. 433). In the meantime an attempt at a fundamental
explanation of the best-known of all the phenomena, the Gotigh-Joule effect,

will be made.
A ring of rubber elongated as described above will remain in that state

fur any length of time at room temperature, but will immediately begin tn

twist, cur! and draw together if touched the warm hand or if immersed in

warm water. In 1924, Hock gave a theoretical explanation of this be-

havior, which was in complete agreement with the conclusions of L. Schiller

with reference to the assumed structure of rubber, although at the time he

was iinfortuiiately not aware of Schiller’s investigation. Hock postulated

that with increasing elongation the elementary particles were almost com-

pletely vvrienxued widi their long axes in the direction of pull, a fact which is

suggested by the observations of Bjerken on double refraction. It was

assumed that the molecules or quasi-molecules were rod-shaped and that the

close packing oi these elements which resulted from the elongation made it

'
- crsibbj tl.e molecular or van der Waal forces to come into pla^’ and hold

these elements together. In analogy to the Joule-Thomson effect in real

gases, it was to be expected that a certain quantity of heat would be set free,

due to the energy change involved in the action of the van der Waal forces

when the rubber was elongated, and that this heat could be considered as a

latent heat of transformation.^^ The aligned elements are obviously so im-

mobile and so tightly bound together in their new positions that the restoring

force is iiut sufficient to move them. Thus the work of elongation which is

stored up in the form of potential energy of the elastic system is not mani-

fested by any outer tension, and it is necessarj’^ to increase the mobility of

these elements by increasing their thermal energy and thereby weakening

their cohesive forces before they will return again to their original positions.

This explanation makes it clear why it is that the rigid, elongated rubber can

be made to contract Ijy heating, and why it is that the elongation in the first

place can be easily ‘"fixed” by cooling the elongated rubber in cold water.

The explanation also makes it clear why the retracting force is greater, the

higher is the temperature of tlie water in which the rubber is immersed in

order to bring about retraction (Fig. 72). A crude rubber ring of the di-

- .T. pstrumislensky introduced into the classi-
Jieatitm of elastic materials the concept of
‘'dead temperature'* and ‘‘elastic tempera-
ture,’*’ When with decreasing temperature a
substance is tr::!i'furineJ into a rtiliber-like

Solid,
^

it ,|s sai I to have passed from the
“dead” to the “dustic teutperatnre.*' J.

Euss. Phys. Chcm. Soc., 47 , 1374-1455; see

also J. Chem. Soc,, 110, I, 54 (1916).

^Kolhid-Z., 35, 40 (1924).

In regard to the basis “ for the concepts of

“heat of fusion” and “heat of transforna-

tion,” see p, 456.
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nitiisions of the test ring can raise a considerable weight ( 1 kg.) through
considerable distance^ when it is made to retract by heating. Of the total

espacity for performing work which is stored up in the rubber bv the elon-

gation, the amount which can be recovered in the performance ^of outside

Wk by retraction depends upon the inner friction, which decreases as the
temperature is raised. This consideration has ali'eady been suggested in con-
nection with the temperature function of elastic hysteresis. (See p. 408. i

igure 72—Relationship between the force of

mtraction and the temperature of relaxation

of stretched, rigidihed raw rubber.

(According to L. Hock.)

Temperature (®C.)

The influence of the temperature upon the phenomenon in f|ue.stinii can he

determined in an exact manner ]:>y immersing the elongated ring in water.

Under these conditions, it is found that the ring retracts at temperatures

above 22° to 23°^ C., whereas it remains rigid at temperatures below
There is thus a temperature lying between rather narrow limits at which
force of the stored-up potential energy is just able to overcome the inner

cohesive forces and the resistance to moving. It is therefore possible to ob-

serve a characteristic transformation point for the relaxation of the latent

elastic energy of raw rubber in the elongated state in which it is spontaneously

hardened. The transformation takes place with the absorptirm of a quantity

of energy which enters into the phenomenon as latent heat. IIr>ck has called

this point the “melting point.’’ These facts are in agreement with the theo-

retical concept of the fiber-structure of elongated rubber. This fiber structure

is maintained by the activity of the molecular forces between the structural

elements, which are of an anisotropic form and which are arranged in an
anisotropic manner when the rubber is elongated. As soon as the thermal
motion of the molecules exceeds a certain limit, the mutual attraction between
them is insufficient to maintain this elongated arrangement. It is to be ex-

pected that x-ray photographs should give additional information as to the

-triicture of elongated rubber. In a section devoted exclusively to these im-

portant x-ray investigations, the work of J. R. Katz, who was the first to

apply the method successfully, will be discussed. (See p. 443.)
L. Hock has furnished a striking proof of the fiber structure of rubber

by cooling the elongated and stiffened raw rubber to the temperature of

liquid air and breaking it into pieces by striking with a hammer. (See Fig.

73.) The resulting fibers, which are spread apart into a fan shape by the
Wow, form parallel bundles extending in the direction of the elongation. The
fibers are probably made up of stretched-out chains of molecules, in accord-
ance with the concept developed by H. Staudinger.^^ If the blow be made by

See the special study of LeBlanc and Kroger
in regard to the dependence of the relaxation
temperature upon the elongation temperature,
we 429.

Ekktrochem. (Bunsenvortrag), 31, 404
0925); also Gummi-Ztg., 39, 1740 (1925);
Kmtschuk, 1 (Oct., 1925).

** thorough
^
explanation of Staudinger’s

Pwf of the high-molecular structure of rub-

ber and the assumption of extended molecular
chains is presented from

^
a chemical and

physical-chemical point of view in the follow-

ing treatments: Ber,, 57, 1203 (1924); G.
Mie, H. Staudinger (with J. Hengstenberg,
H. JTohner, R. Signer) Z. phys. Ckem., 126,
425 (1927). See also: Kauischuk, 1 (Aug.,
Sept., 1925). For the historical note by H.
Staudinger, see Gummi-Ztg.^ 43, 759 (1929);
(see p. 454, footnote 167).
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,1 i limit chisc! in a clirectinii perpendicular to the direction of elongation, the

cracks still take place in the lengthwise direction, running along the surfaces

Ilf least cohesion. In contrast to the elongated rubber, unstrained rubber at

tile temperature of liquid air breaks up like glass into irregularly formed

chips.

Figure 73—Structure of raw rubbt'r,

as obtained at the temperature t f

liquid air. Left : Stretched raw nr -

ber split into fibers. Right
: Ur.-

stretched raw rubber bplit into

fragments.

(According to L. Hock.)

r'lirtlierniMre, it is ea>y to pull apart the frozen and split-u]) riil)])cr alor.^

tlic scain? v.'ith tweezers while an artificial cut started perpendicular to the

of iiig'ation cannot be extended without further cutting. If the

-iiredfled sla]> be allowed to relax as a consequence of heating, it is no longer

easy to tear the bundles apart along the direction of the cracks. In regard to

tearing, the rubber then shows the same behavior in both crosswise and

lengthwise directions, 1 ecause there is no longer any preferred direction in

the arrangement of the molecules. The tearing experiments can be made as

described by merely freezing the rubber in a freezing mixture. According

to H. Feuchter,"’" it a strip of raw rubber, which has been made anisotropic,

lie cut along' the liber bundles tor almost its entire length, all the little strips

so formed will twist up into coils when relaxed.

The many forms ot the associated phenomena, which are related to the

IF "td.e eitect, are yet to be given individual consideration, after which

the contributions in connection with the problem, which have been made by

various investigators, will be evaluated. However, in order to give first a

survey of the iiiiniistakable inner relation between the structural and the

theriiioflynamic phenomena, the heat transfer which is involved will be con-

sidered briefly. This may properly be considered here, since it answers some

criticisms which have been made with respect to the theoretical explanation

given above.

K’jiiindckem. Seikefiep 21, 193 (1925). For inents, see also Kautsckiik, 4, 105 (1928).

photographic reproductions of these experi-
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The Origin of the Heat of Elongation. It was to be ex]3ected, espe-

cishv inasmuch as chemically puie rubber had not lieen used in the experi-

ments considered, that the rubber would contain certain resinous substances

which give rise to considerable inner friction. At temperatures below a cer-

tain transition point, comparable to a “melting point,” the resinous substances

might bring about the rigidity of the elongated rubber. The heat of elon-

ijation would thus be explained as a frictional heat and could therefore not

exceed the work used in elongating the rubber.®*

On the basis of their discoveries with regard to the structure of the latex

particles, Freundlich and Hauser®® were led to assume that the heat of elon-

gation was nothing but the heat of compression of the fluid enclosed in the

particles. Here again, the amount of heat involved in the comprc.s>iun m 1

the fluid particles could not be greater than the energy applied to produce tlie

elongation. A first, approximate determination of the heat of elongation has
been made by L. Hock and S. Bostroem. This measurement was made hx
allowing the thermal relaxation of a piece of rigid, elongated rubber tunviil-

canized sheet) to take place in a water calorimeter. The results indicated the

order of magnitude of the heat of relaxation to be about 10 cal. per gram f«jr

rubber elongated to seven times its original length. (A mure exact deter-

mination of this heat will be described later.) By comparing the result of

the above-mentioned determination with the work required to elongate tlie

rubber to the specified extent, it can be seen that the latter is only a small

fraction (a few per cent) of the total heat transformation which ib uljservcd.

Obviously, the work of elongation can not be the origin of that t|uantity of

heat. The heat of elongation can be conceived only as the energs' eqiiivaHiit

of a change in the physical structure of the rubber, as was first explained by
L Hock. Furthermore, the seat of this Joule heat cannot be in changes of

state, involving dimensions of a microscopic order of magnitude. Rather
must it be sought for in the molecular dimensions of the colloidal elements of

the anisotropic rubber.

The Polyphase Nature of Rubber (Rubber as an Iso-colloid). It is

ubvious that, if the occurrence of the Joule efiPect is not connected with any
microscopically observable mechanism between two phases—a more solid and
a more plastic phase, such as E. A. Hauser has found in latex—no con-

dusion in regard to the existence of polyphase rubber is apparent from th.e

Gough-Joule effect. That is hardly necessary, since the polyphase nature of

rubber is well established from other angles. The diffusion experiments of

Caspari and of H. Feuchter,^®^’ the separation of crude rubber into frac-

tions which were physically different but chemically the same as accomplished
by Pumnierer/*^^ the previously developed theory of Wolfgang Ostwald in

In discussing an article by Hock (Z. Elek-
trochem, 31, 40S (1925), Masing made the
suggestion that a highly viscous substance in
the rubber might be the cause of the Joule
effect Kroger also contributed to this idea,
although

_
liis conception differed in that the

highly viscous portion was supposed to be a
higher polymer of rubber, while the rest of
the rubber consisted of smaller molecules.
However, all of these explanations must be
rejected since the heat of elongation (as
shown later) is significantly greater than the
work of elongation, even if the latter were
completely transformed into frictional heat.
Since a considerable portion of the work of
elongation can be regained, and thus must
te stored in the rubber as potential energy,
that part which may be transformed into

fx'ictional heat is negligible in compari.'^.,:: t ,

“the observed heat of elongation. laoi-
and considerations have evidently been over-
looked by Ariano, who recently has attempted
once more to explain the Joule heat of elonga-
tion as frictional heat. (.See footnote, p. 401.)
Kolloid-Z, (Zsigmondy Festschrift;, 36, 33
(1925).

p. 437 j
see also Bostroem, footnote 39,

p. 405.
See p. 56.

^“2 7. Soc. Chem. hid., 32. 1041 (1913); see aku
Stevens, ibid. 38, 193T (1919).
Kolloidchem. Beikefte, 20, 434 (1925); in

addition see p. 175, and also P. Bary’s theory
of solid solution p. 473 and p. 479.

^^Ber., 55 , 3458 (1922); 60 , 2148 (1927); and
especially p. 166 in this book.
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colloidal m size.
• i* r/^;.,.. y^i. caonfchouc. 7, 23 (1930) ;

Kautschuk, 6,234

(lyjU) ;
/ud’.'ii

• „,i,a”and balata are identical, but differ from those oi rubber.

b.ydrocarbun= ui
nercha exists in two polymorphous modifications, whose trar.j-

'ihe
. gy^. Q but depends upon the impurities present. The moditica-

iormutwmpo nti= ab t 6U
is crvstalline even in the unstretched state.

ti,.,n stable »

a

e 60= C ( <mtta-|i » is; on the contrary, amorphous in the un-

^^’Vw’*‘*r£Eite' rubber at room temperature. By stretching when hot, it becomes
.tretclKt.

;V giving a fibrous spectrum by analysis. For the modification s.

"iw CM cEv-idate fi-nm the fiber diagram of the stretched and cooled sainples an identity

. i.c C.iii la.uua.e
resoectivelv The x-rav observations of Clark, Hauser and On.

which ua-'^o tnradktEi-V in certain; respects, have been discussed and partly explained i.v

e\i*^tcixf of the two modifications.’
t tdi i at

The Idea of Aggregation and Disaggregation. LeBlanc and l\.W
have pointed out the significance of the degree of aggregahon and

disa-regation with respect to the physical behavior of rubber, n using these

tenn* thev have reference to the colloidal complex and not to the size of the

micruscopic latex particles. M. Kroger, in discussing the colloidal jdie-

romena connected with vulcanization, has stated that the size of the original

htex particle has little influence on the quality of the rubber, surprising

thouo-h it may seem. Obviously, the proportions of the lovver aggregates and

Ef the hi>rher polvmers are of much more importance than is the exact nature

of the final agglomerated particle, which must be but loosely held together

'The Calender-Effect (Calender Grain). The size of the latex particle

is no indication of the degree of polymerization. M. Kroger _ has supposeo

that when the rubber passes between the rolls, not only the original latex par-

ticles but also the fragments, are crushed and flattened out, a supposition

which i.s favored bv the phenomena observed in connection with the calender

effect L Hockw'" introduced the effect of the temperature upon the con-

wactiEn lErce of anisotropic rubber (see p. 402) into the explanation ot the

Ealender effect. According to his idea, “dead-milled” rubber has been pre-

vented from returning to its isotropic state because of the cooling it e.xpen-

enced as it passed over the cold roll. Along with the investigations o \ai.

Russem Lunn,i“9 ^nd others, the thorough study of the calender-effect in

unviilcanized rubber by W. de Yisser should be especially mentioned Hu

results show that the elastic behavior of a slab taken lengthwise is dirferei i

from tliat taken crosswise, because of the anisotropy produced by the •

These results also show that the speed with which the rubber returns to ffe

isotropic state, the completeness of the return, and the amount of caki d

effect itself, all depend upon the temperature of the rolls. The greater the

* rr. 1 * p. V T India Rubber 62, 343 (1921). Wi^and
Tran-bt-*r by V J.

(19 •>5) believed that the calender-effect is certainly

- - not ^la^ to the Joule-effect. [India

nuisneattans from the same author m regard J., 62, >33 (19-01.

Ui the relation of the aggregation and
^

close jndfa Rubber 65 , 565 (1923).

jacking UI rubier to the elastic P^«^rtie|
dissertation. Delft, J. H. de Bussy, Amsie'

naif,-. 4S' -b Vi:£ .
' iam. 192S! See also Gummi-Ztg.. 40, 45

(1926): 40, 7^2, ' iv:
’• 35, 47 (1924). 511 ( 1925 ).
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liittereiice in speed of the rolls between which the rubber slab passes, the more
marked is the anisotropy thereby produced. The results given in Table 5

.how the amount of the calender-effect under various conditions of tempera-

nire. These data were obtained by de Visser on slabs about 1 mm. thick.

These slabs had passed over a cold calender roll of varied temperature, after

Iiaving been put through the two upper rolls, which were maintained at a
a-mperature of 80° C. (See p. 459, footnote 186.)

Table S .—Influence of the Temperature of the Cooling Roll on the
Calender-Effect (according to dc Visser),

Results of tensile tests
Parallel to direction Perpendicular to directiuTi

Temp, of

Cooling Roll

Thickne.ss

of Slab

of calendering
Tensile
Strength Elongation

of calendering
Tensile
Strength Elongation

"C. mm. kg./sq. cm. per cent kg./sq. cm. per cent
9 0.85 15.00 118 2.93 513

25 1.00 11.70 140 2.37 497
35 1.00 8.49 164 1.65 514
45 0.95 6.28 237 1.53 558
55 1.10 3.28 271 1.42 364
65 1.10 2.33 453 1.3S 472
80 1.10 1.71 485 1.43 500

The anisotropy of calendered slabs has also been proved by the double

refraction and dichroism which they exhibit, by the existence of x-ray inter-

ference patterns, and by the increased densityd^^

Preliminary Survey of the Fundamental Phenomena. In order to ob-

tain a survey of the subject which will not be overburdened with details, the

various mechanical, thermal, and structural phenomena which are connected

with the Gough-Joule effect (together with the influence which these phe-

nomena have on the technical properties of rubber) have been considered
inly in a general way. The particulars in connection with the various phe-

nomena and also the additional results from the investigations of the structure

of rubber, which have been made possible by the use of x-rays, are now to

he gone into more thoroughly. Consideration is also to be given to the theo-

retical concepts of the various investigators.

In summarizing, it may be said that the conclusions drawn from the optical

double refraction, the change in the dielectric constant, the increase in the

density, and from the related mechanical and thermal behavior of rubber,

lead to a picture of the inner structure of rubber which explains the observed

facts to a considerable degree. The theory developed is of a synthetic nature
in the sense that it provided for the first time (1924) a theoretical explanation

the previously determined relationships between the observ^ed properties.

Including the yet-to-be considered results of x-ray investigations, which have
shown the existence of crystal interference (Katz, 1925), there is available

unmistakable evidence of a phenomenon of orientation which accompanies
the elongation of the rubber (in agreement with the idea presented above).
Through the more extensive x-ray investigations (Hauser and Mark, 1926;
Mark and von Susich, 1928) the insight into the structure of rubber has been
nmterially extended and clarified. It is believed that the next most important
result of these measurements was to show that the number of align^ particles

or micelles increases in proportion as the elongation increases. This was first

determined cpiantitatively by Hauser and Mark. {Sec p. 446.)

regard to tlie persistence of calender grain H. A. Braendle, Ind. Eng. Chem.j, ISp 259
titer vulcani2ation, see W. B. Wiegand and (1923).
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Detailed Section

In the detailed discussion which follows, the dependence of the mechanical
properties upon the temperature will be treated first. The discussion will

then be extended to include the determination of the latent heat of trans-
formation, which is involved when the rubber changes over from the isotropic

into the anisotropic state. Finally, the x-ray investigations of the structure
of rubber will be discussed.

Mfchanica! Experiments Conneefed 'icifJi the Gough-Joiilc Effect, and their
Theoretical Explanation

The Gough-Joule Effect in Synthetic Rubber and in Vulcanized Rub-
ber. The phenomenon of a transition point similar in nature to the
melting point of crystalline substances, which is observed in crude rubber is

also found to exist in synthetic rubber. To be sure, a lower temperature is

required for the fixation of the elongation, as has been shown by the work
of L. Hock and P. Siedler on W and H methyl rubber. Above a tem-
perature of about 10*^ C the elongated strips contract again after the tension
is released. If synthetic rubber, which has been made anisotropic, is cooled
to the temperature of liquid air, and pounded with a hammer while in the
hard frozen state, it develops the same fibrous separations running in the

direction of elongation as are found in raw rubber under similar treatment,
although the phenomenon is not so marked. Pieces which are frozen without
being elongated break up into irregularly shaped fragments when pounded.
This : chu=:v:or >hows that natural and synthetic rubbers are of similar phvsical
structure, in addition to being chemically related ( which does not at all ’mean
they are chemically identical). There is, however, a marked difference ])e-

tween the two kinds of rubber, as is shown by technological observation, hut
this difference may perhaps not be eliminated entirely by changing their physi-
cal structures and states of aggregation. It may depend upon their chem’ical

constitiitinm even if one is convinced that the physical structure—which
depends upon the molecular structure—is of the greatest importance in de-

termining the elastic behavior of rubber. In fact, the relationship between
cohpiffn and valence is so close in rubber that it is idle to try to draw a sharp
distinction f}etwee!i them. (See pp. 454 and 490.)

According to the orientation theory, the lesser degree of aggregation which
must be ascribed to synthetic rubber means that there are fewer suitably large,

molecular complexes to offer the contact surface which is required for the
van der aal forces to manifest themselves. Only at lower temperatures
are these forces able to maintain the rubber in an elongated state, since at

higher temperatures the molecular motions are so great as to overcome the

effect 01 ::iest I'srces. In any case, natural rubber is to be considered as a
progressive system of polymers. In other respects, the parallelism of the

Gough-Joule effect permits the same explanation for both the natural and
the synthetic rubber.

x\s has been known since the time of Joule, the effect now under con-
sideration is easily obsen^ed in vulcanized rubber. Naturally, the strength
of tlie effect depends to a great extent upon the particular type of compound
and upon its previous treatment. High quality, compounded vulcanizates
may show a very marked action, as was demonstrated, for example, by the

o|ieration of W'iegand s pendulum. (Sec p. 413.)

Kautsclmk, 2, 88 ( 1926 ). Trans. Roy. Soc. London, 149 , 91 (1859).
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If an elongated ring of vulcanized rubber is cooled merely bv water or

ice, there will be no appreciable fixation of the deformation. ' After the

release of the tension there is only a relatively small elastic after-effect, which

can, however, be eliminated with the performance of external work by placing

the ring in hot water. There can be no particularly high degree of anisotropy

in connection with this slight after-effect, but merely a residual amount of

potential energy which can exhaust itself only after the inner friction has been
decreased by warming the test piece. A different result is observed, how-
ever, if the elongated ring is cooled to an appreciably lower temperature, such

as that of carbon dioxide snow. A state of the highest anisotropy is preserved

in such a case. L. Hock and P. Siedler have shown that an elongated strip

of vulcanized rubber will also exhibit a fibrous structure when cooled in liquid

air and then shattered. The Joule effect in vulcanized rubber is another

proof that the heat which is liberated on elongation cannot be the heat of

compression of an enclosed quantity of fluid. Even if the microscopic struc-

ture of crude rubber is destroyed by “dead milling” on a cold mill, the com-
pound which is prepared from the raw rubber by vulcanization with heat

will show the same Joule effect.

A vulcanizate of artificial rubber is like that from crude rubber in that it

permits an easy fixation of its anisotropy. By assuming that the polymeriza-

tion in methyl rubber, which flows more readily at high temperatures, is

considerably less extensive than it is in raw rubber, and that the vulcanization

process involves an increase in the degree of polymerization, the following

e.xplanation can be made : the lesser degree of polymerization in the artificial

rubber means that a correspondingly smaller number of suitably large molecu-

lar complexes offer the contact surface which is required for the van der Waal
forces to manifest themselves and thus lead to orientation. Only at lower

temperatures, at which the aggregation of the rubber is greater, are these

forces able to achieve the fixation of the extended state. The fact that the

potential energy is less at low temperatures also tends to favor this fixation.

Larger molecular aggregates are formed when this material is vulcanized

50 that its structure is then similar to the structure of natural raw rubber.^^^

In fact, the aggregation increases considerably as vulcanization progresses,

and the energy capacity of the rubber is thereby increased. The strong con-

tracting force makes it impossible to “freeze” the elongation at the higher

temperatures. Furthermore, it may be supposed that the inner cohesive

forces pass through a maximum as the degree of vulcanization increases,

since with a certain coarsening of the structure the number of points between
the colloid particles where the van der Waal forces may come into action

is greatly decreased.

“Vulcanization by Cold” (according to M. LeBlanc and M. Kroger).
LeBlanc and Krdger have investigated the change in the state of aggre-

gation as influenced by temperature and by vulcanization. Their experi-

ments have led to some extremely important conclusions in regard to the

nature of the elastic state into which rubber is brought by vulcanization.

From experiments on orientation at low temperatures, they were led to be-

lieve that under such a condition, the crude rubber acquired elastic properties

which approximate those of the vulcanized product. To confirm this belief

stress-strain curves were obtained for raw rubber rings at temperatures

ktween the freezing point of water and —60° C. The permanent set was also

'^Kantschuk, 1, (Oct. 1925). Kolloid-Z., 37, 205 (1925).
“See L. Hock, Kautschuk, 2, 65 (1926).
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measnreil. in nitlcr In show to what extent the cold raw riiljher was like

vulcanized proiiiict.

Test ring’s of the usual type were stauijjed out (jf calendered, cold-pres-e.^

slabs u£ criale rufiber of diherent kinds (crepe, hard Para, soft Para arC
luiigo riilTer 0 An eloipeatioii device attached to a Schopper testin<T

cliiiie inadii* it |in>>ih!e to elongate the rings while they were immersed in'"';

ciilti bath I cnstled alcnliol i whicli controlled the temperature of the test piece*^

accurately.’ “ I’u furnish a coniparison with the properties of viilcanizec
riilTwr, a mixture of the crepe with 7 per cent of sulfur was vulcanize-^
fur various lengths of time at 138^ C., and tested as usual, except that thr
ttwis were iiiadie at the various low temperatures used for the raw nibljer
A> is shown by the complete tables in the original work, the increase in the
time of vulcanization had the same effect as a decrease in the temperature
at the time of test. The tensile strength increased at first as the temperature
was decreased, f Kissed through a maximum, and then fell off* markedly a-

tenuoeratures below — 50'^ C. The properties below —60“^ correspond P-
tiio'^e of ebonite. The permanent set was also determined by measiirin<^ the
length of the ring, which originally had an inner diameter of 16 cm. falde
gives a summary of the results.

TAblic b,—"Jk'iWu'JuTz/fcij [>y Cold" {according to LeBIanc and Kroger).

kilr^graius — 13 - 21' C. — 34“ C — 50“C — 55' C.
1 2U 2" 0 0 U
2 100 60 0 0 0
3 270 loo 50 30 30
4 370 260 20<J 70 40
5 425 32U 275 120 50
6 470 360 320 200 90
7 500 400 370 250 2U0

530 440 400 300 290— 470 430 330 340
10 — 400 460 360 390
12 — 515 490 430 430
14 — 540 510 490 470
16 — 565 540 540 530
IS — 590 560 580 560
2ii — 610 580 610 570
25 — — 610 650
30
4fJ

— — 640 680— — 670 710
Prriiianerit

set ill cm. —

.

19.5 19,0 17.5 17.0

It was also tuai uxe nigucM luciuiiig curresponaea cioseiy witii tnar
ftiiiiid when the ruliber was vulcanized to the optimum state. The author?
reacned the ioHowing conclusions after determining the tensile strengths of
^aIllpleb \ulcaiiized for from one to five hours, the tensile tests being con-
fiiicted at temperatures between + 80^ and — 60° C.

:

Raw riiliber shows good elastic properties at low temperatures within a
ratner narrow temperature range. I f the rubber is under-vulcanized witr.

Miltiir in the iisiial^manner, this temperature range is widened toward higher
temperatures.

^

This region of go-.>c elastic properties is shifted up as far a?
rooni temperature by further vulcanization.’’ The permanent set was de-
termined by measuring the length of the ring after it had been immersed in

Tests of tensile strengths at t!?e temperature be considered again on p. 431. In regard O
A tbe methods of execution of this kind

i .1 and Scliob CI9.-4). These tests will elon,gation and tensile tests see p. 516.
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rater at about 20^ C. immediately after the break. The permanent set was
;e55 the lower the temperature at which the ring was elongated, or the more
Je rubber was vulcanized. In this regard also there was complete agree-

mtnt between the behavior of the normally vulcanized rubber and that which
OTS vulcanized in a purely physical manner by the cold. From this discov-

ery it is obvious that the striking change in stracture which occurs in vul-

canization is of a physical nature. On the basis of the idea of aggregation

and disaggregation, which was first applied to the changes in state of rubber

iy Harries, and on the further basis of Staudinger’s concept of an
eaiiilibrium between smaller and larger molecular associations (which equilib-

rium is shifted by temperature changes), LeBlanc and Kroger came to the

conclusion that the same increased aggregation which was brought about Ijv

the low temperatures in their experiments is effected by the action of sulfur

in the usual vulcanization by heat. However, it must not be overlooked that

'•vulcanization by cold’’ results in a reversible change in state, whereas actual

vulcanization is of value for the very reason that it is irreversible and leads

to a product which possesses uniform elastic properties over a rather wide
range of temperatures. Without doubt, the distinguishing contribution which
•Jie sulfur makes to this irreversibility must depend on its chemical combina-

tion. Possibly an extremely small quantity of sulfur may sulfice for this

action, but sulfur is indispensable if the vulcanization is to give the rubber

2 structure which is independent of the temperature, albeit the vulcanization

itself consists essentially of a change in physical structure. Without going
into the chemistry of the process, it can be imagined that the sulfur forms
’ridges here and there between the aggregates, which prevent any return

to their former state of independence of one another or any possibility of

!’-n2tgregation at the temperatures which prevail for the normal uses of

rnbberd-® With this concept in mind, it seems possible that some other means
may be devised for producing structural changes such as occur in vulcaniza-

tion, and of making these changes irreversible.^^^

The Relation Between the Elongation Temperature and the Contrac-
tion Temperature. The experiments on the thermal relaxation of elon-

irated crude rubber which were discussed on p. 421 have been carried further

LeBlanc and his collaborators, ^vho have obtained important results while
working at low temperatures. They found that the manner in which the

tlongated rubber retracted depended markedly upon the temperature at which
ihe elongation had been made, as well as upon the temperature to which the

ring was subjected after the elongation. They also found that when the

liading was of short duration, the test piece returned almost entirely to its

original length when the load was removed. If the load were allowed to act

’“'Ser., 56, 1048 (1923). Here Harries dis-
tinsuishes between chemical polymerization
and the idea of ag-^regation, and defines ag-
j?regation as the mutual adsorption between
two or more dispersed phases.
Ibid., 57, 1206 (1924); 59, 3019 (1926).

“This disaggregation may be brought about ^by
the so-called reclaiming of old rubber, which
does not at all consist of a chemical separa-
ticm of the sulfur and the restoration of the
pure hydrocarbon, but rather of a breaking up
n the aggregates

^
by thermal or mechanical

*t^tment. In spite of the combined sulfur
which remains fmr” the r'rev'''-u« vulcaniza-
toa, this recla!"-ed ru',^;C" -t-'':' the ad-
dition of still ;• o-e if :r is lo . be vul-
^nized again. That is, new sulfur is re-
tired to bind together the aggregates as they

may now exist, by a bridge-building process
similar to that occurring in the vulcanization
of crude rubber.

*21 This last discussion, together with those on
pp. 489 ff. of this book, represent, incidentally,
the elaboration of a lecture on the subject of
'‘Isomerization and the Problem of the Col-
loidal Structure of Rubl>er,’* presented by G.
Fromandi to the Deutschen Kautschukgesell-
schaft in Hamburg, before the present manu-
script was published. See Kauischuk, 4,

188-190 (1928). The work of K. H. Meyer,
Z. anpezv. Chem., 41 , 935 (1928), which was
published at about the same_ time, ss in com-
plete agreement with these ideas. This work
was later supplemented by the communication
of K. H. Mever and H. Mark, Ber., 61, 1939
(1928).
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for a longer time, retraction could be made to take place only at a higher

temperature. The temperature at which practically complete retraction oc-

curs (i. e., the "contraction temperature,” according to LeBlanc and Kroger i

depends to a striking degree upon the temperature'of elongation. For example,

a contraction temperature of about -j- 10° C. corresponds with an elongation

temperature of — 30° C. Figure 74 shows graphically the relationship between

Figure 74—Dependence of the temperature

at which contraction occurs, on the temper-

ature at which extension was performed.

(According to M. LeBlanc and M. Kruger,

)

(Time of vulcanization shown

on each curve separately.)

elongation temperature and contraction temperature for raw rubber and for

cured .-ar.UiL's :;f the rubber-sulfur cennpound previous!}’ mentioned. In tl:i-

words c: LcKlar.c and Kroger,^-- “Increasing vulcanization narrows the range

over which the rubber shows complete rigidity until the range vanishes alto-

gether for a thoroughly vulcanized compound. FIere also it may be seen

that the vulcanization with sulfur does not introduce anything fundamentallv

new into the existing rubber system, but only makes it possible for an ex-

ceptional state which exists normally at — 50° C. to exist also at higher

temperatures.” For studying further peculiarities of the elongation phenom-

ena which demand detailed description, reference must be made to the origi-

nal work."*'

LeBianc and Kroger have given an explanation of the Joule effect which

is quite analogous to the explanation which had previously been given by Hock
and which we have already discussed. The explanation of LeBlanc and Kroger

differs in the choice of the imagery but not in the fundamental ideas. The

Joule effect is conceived as ‘The heat transfer involved in a peculiar type of

wetting phenomenon at the newly formed inner surfaces” of a specimen

of rubber which has been made anisotropic by stress. “In it, therefore, must

be included all those effects which are connected with the alignment of atom

ewi-z., 37, r09 (1925).
* Tran>Iator’«; Note. A practical application of

t!ie effect of cure nn the relation between the
temperature of elonjtation and the retraction
temperature ha* been made by Gerke [W. A.
Gihl'cn?. R. H. Gerke and H. C. Tincey, /iid.

Efif?. Chem., Anal. Ed.. S, 279 (1933)3, in
the development of the so-called “’T-SQ Test
for State of Cure/” (This test is descrifc^d
in greater detail on p. 552)—N. J.

Inasmuch as Kroger here accepts the idea
which ye had previously qnesticmed (see p.

423); he., that the Jcu!e_ effect is_a matter of
the Action of ni'Iecular forces which are xisti-

ally designated cjliective-y ss van der Waal
forces, that po5:t:‘'r: favorable tn the writer’s
older _cnnce:^ts AVo.A'fi-Z., 35, 43 (1924) and
Z. 31, -'IG must have

been given up again. That is further indi-

cated by the statement on p. 211 of LeBlanc
and Kroger’s article which questions the im-

portance of the frictional forces as compared
to the interfacial forces acting between molec-

ular aggregates when the rubber is elongated

and frozen. The explanations of the Joule

effect offered by Hock and by LeBlanc and

Kroger agree in general. If these hypotheses

are compared an unnecessary confusion results

(see for example Hauser and Mark
chem. Beihefte, 23 , (Ambronn-Festschriff ; X
(1926)]. These theories show a mutual a,£:rt;e-

ment—in common with Wolfgang Ostwalri’s

theory of the accidental formation of a spice

lattice, as well as with the “ceil energV

theory of Klein and Stamherger (see 456

and 481)-—in opposing the explanation hx

means of the “swelling theory” (see p. 455).
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^,inps on these surfaces, and which must bring about x-ray interference as

a consequence of additional atom layers being influenced by the inner co-

hedon of large molecules.”

The turbidity of elongated rubber is attributed by these same authors to

air inclusions and the resulting optical inhomogeneity of the rubber-air sys-

The Structure Theory of LeBlanc and Kroger. This presentation of

the experiments of LeBlanc and Kroger will be completed with a discussion

of their conclusions in regard to the structure of rubber, which conclusions

have been confirmed by experience. The molecular aggregates or “heaps/’

which arise from local variations in the degree of polymerization of the hy-

drocarbon, are taken to be of outstanding significance with respect to the

elastic properties of rubber. The large aggregates form a sort of framework
throughout a more or less slightly polymerized phase, and the interaction be-

tween the framework and the remaining substance is responsible for the

elasticity of the rubber. The elastic property can be enhanced by vulcaniza-

tion or by extreme cooling. The effect of the cooling can easily be explained,

since cooling would result in a coarsening of the structure, due to the ag-

glomeration of the particles. Thus there is a continuation of the aggregation

process which remains stationary at higher temperatures, and a decrease in

the dispersion takes place. The framework becomes stiller; it increases in

extent by additions from the less aggregated portion and thus further en-

hances its elastic properties. This hypothesis, which of course can be only

indirectly confirmed by experiment, leads to the expectation that with still

further aggregation, a decrease in the elastic properties would finally occur.

It is worthy of note that the concept of a polymerization equilibrium with a

large temperature coefficient, which had already been developed by Staud-

inger, fits readily into this picture of the structure (see p. 453 ).

The Increased Strength of Anisotropic Rubber (According to Polanyi
and Schob). In order to determine whether or not the mechanical
.strength of rubber in the elongated state is greater than that of rubber in the

normal state, Polanyi and Schob have conducted tensile tests on scjft

vulcanized rubber at the temperature of liquid air. Such a comparison is

obviously impossible at room temperature, since the normal rubber must first

be subjected to the elongation process before the rupture occurs. However,
the tensile test can be made at the temperature of liquid air without any ap-

preciable deformation of the rubber taking place. Short flat strips of vul-

canized Vubber which were provided with heads for gripping were used in

this test. The strips, which had a cross sectional area of 2 sq. mm., were
broken by a load of 5 kg./sq. mm. at a temperature of 85° K. However, if

the strips were elongated at room temperature to about five times their origi-

nal len^h before being put into the same cold bath, no appreciable change in

form was produced by a load of 20 kg./sq. mm. A force of 50 kg./'sq.

mm. was required to break these strips, and the break occurred at an elonga-

tion of about 800 per cent.

LeBlanc and Kroger explain the decrease in
volume which accompanies elongation, not as
the result of compression, but partly as the
r«ult of the rearrangement of the molecules
extending out from the interfacial surfaces,
and partly as the result of the compression
m the air-filled spaces. In regard to the
wsity of elongated rubber, see discussion
« p. 432 and also M. Kroger, Gummi-Ztg.,

40, 2373 (1926). In addition, the idea of

the action of compression is supported by M,
Ruhemann and F. Simon, Z. physik. Chem.
A 138, 1, (1928).

125 Mitt. Materialprufungsamt BerUn-Dahlem.,
42, 22 (1924); see also the report in Chem.
Zentr., 97, I, 2255 (1926); Chem. Abstracts.

19, 1209 (1925).
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llie rubber, alnn,c( with the niaiiitenaiice of

the Uiuiv^iillun, has thus been liruught about, by freezing after a previous

waroi racking. Tliis >trc::.ot!:e!r:ng ctTect is reversible, since it will disappear

.‘.unii a.- the rubber is aliuwed to return to its normal state by the applica-

tion of luait. I'here is accordingly a marked difference between this reversible

-trenglltetiiiig of riihlier and the hardening of metals by cold working, which

an entirely differeiit type of ]jhenomenon.

I'eiicliter has ol^tained signiticaiit results in connection with the phe-

noineiion of the Cbjugh-Joule etfect along the line of the experiment of

!.. 1-h^ck, in which the anisotropic elongation of the rubber was fixed by cool-

ing ijr by particularly intensive stretching. Feuchter has subjected the eloiiga-

tii»ii and racking phenomena in connection with raw rubhor to a further

>y>ieniatic study. Reference must be made to the original report of the

author, because of the many details involved in a description of the experi-

iiieiital procedure. Likewise, it is p<jssib>le to give only the essence of hi;^

tlietsretical conce|)ts which are clcjthed in an exceptionally rich and unique

lermiiiulugy. W’e sliall, therefore, limit ourselves to giving some of the ex-

perimental results.

Feuchter’s Experiments on the Stretching of Raw Rubber. Feuchter

investigated the <iepeiidence of the eb uigation phenomenon upon the velocity

with which the deformation took pdace, and ]>y the repeated racking of rub-

ber lie tumid a method by which the elongation could be made to reach the

,r.-u value of 10,000 per cent. That is, he succeeded in drawing out

a tliiii raw rubber >trip whicli was held between pincers from a length of one

centimeter Uj a length of tine meter. That was accomplished by cutting a

diort strip 5 min. wide from a smooth slab of smoked Hevea sheet 2 mni
thick and racking it fifty times in succession, immersing it each time for a

short while in waiter at a temperature of from 80° to 90° C. The elongation

returned to 1,000 per cent when the strip was relaxed by heating in water at

70 ° C., and therefore tlie rubber was left in a new, normal, isotropic state.

IT'Ucliter investigated the change in density up to an elongation of 4,000

per cent. The results of this investigation on the smooth sheet which he

used are given in Table 7.

T 7.

—

Ej-'cct of Very Great Elongation (Rack-
ti'.e iJeusiiy of Razo Rubber (according to

//. Feuchter).

Racki’.ig Observed
Decrease
in volume

per cent densitv per cent
— 0.937

5lHi 0.946 1.0

lOsHI
•

0.950 1.4

imi 0.953 1.8

40i;K3 0.953 1.8

It is important to note that the swelling (in benzene, for example) of the

rulifier which is racked so extremely, and which must therefore have a high

degree of is quite negligible. It is therefore possible to put

the racked strip in a rubber solvent without any resulting shortening. A
less extremely elongated strip will begin to swell immediately.

KiCMnddiewi, Belhpte, 20, 434. 21, 171 p, 415 of this book.
al'io %'ariaus communications in This is shown by the decidedly sharp x-ray

‘•Kairtst'huk"' during the years 1926-2S, and interference patterns of rubber which has

especially KautseJmk, 3, ISl (1927). been subjected to this treatment; see F«-

.Vct* pp. 412 and 441 of this ljuuk. 87, p. 448.
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j'roiii z theoretical point of view, the dissolving and swelling phenomena
.-{suppose some interaction between the dissolved substance and the solvent.

V-.;nrding to the concept of valence in chemistry, this interaction amounts
• Satisfying of the secondary valences

; in the sense of physical chemistry,

if aniounts to a mutual action between electric fields of force. From thi.s

i; niay perhaps he assumed that as the rubber is elongated, the increasing

i-ieraction of the van der Waal forces (secondary valences) within the rub-

itself puts such a strong demand on these forces that a reaction witli the

;o!vent is impossible or at least considerably more difficult.^^®

if the rubber be elongated quickly, the Joule heat does not have an oppor-

tunity to pass oft' during the elongation process. Hence, this quick elonga-

iioti is an adiabatic process (W. B. Wiegand), whereas a slower elongation

ir. which the heat is given opportunity to pass off is an isothermal elongation.

Feuchter has described an interesting cycle, to w'hich we have already

referred in part. This cycle is shown in Figure 75 and in Table 8.

Figure 75—Graphical representation of adiabatic and of isothermal extension (according

:.( H. Feuchter), The full lines represent elastic phenomena (changes of shape). The
hihed lines represent elastic states or conditions which remain practically unaltered

with time.

Tlie figure and the table are self explanatory if it is kept in mind that ‘'per-

nianent elongation'’ is used to designate the elongation which persists after

n rmal retraction, while ‘Aplastic elongation” is used to designate the elonga-

tion which persists after thermal relaxation.

The theoretical concept which Feuchter developed in his investigation is

similar to that of Fessenden in certain of its fundamental aspects. In

>rder to indicate the exact manner in which Feuchter has attempted to ex-

plain the relation between the structural and the thermal phenomena by the

of a quite unfamiliar terminology, his own words will be quoted

® This idea was proposed by the author during
the discussion at the second main meeting of

^ Deutschen Kautschukgesellschaft, Ham-
wig, Sept. IS, 1928. (Lecture of Dr. Loew-
®l.) In regard to the relation between the
s^coadary valence forces and the constitution

rubber, and in regard to the influence of
tli«e forces on the colloidal properties of rub-

ber, see p. 491 and also G. Fromandi, Kaut-
schuk, 4, 189 (1928).

180 See p. 417.
Kolloidckem. Beihefte, 21, 171 (1925).

* Since Feuchter’s terminology is so peculiarly

his own, we have left this quotation in the

German, rather than attempt a translation

which would not convey the shades of mean-
ing intended. V, N, M.
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Table 8,—Oufliuc of Adiabatic and Isothermal Phenomena of Exfoision.

Raw Material: Fievea sheets in sniunth slabs; clastic and soft (nut frozen).

Experimental Material: Evenly cut and marked strips, having a cross section of 2 ipir
S(jiiare.

Room temperature: 20° C.

J" “ process of extension. Z ~ state of elongation.

The percentages throughout are expressed on the basis of the originally marked leneE
as 100.

The relaxation as
thermal^ relaxation

1 ne maximum extension. dependent on time. remaining racking

:

2 mm. in water at 60^ C.

First Experiment : The cyclical process of adiabatic extension.

Adiabatic extension After the process Vi,

to fracture. the two parts of the

Time : 0.2 to 0.1 sec. marked test piece quickly

Extension : 40 mm. retract, the retraction

to 280 mm. length, being from 280 mm. to F2

or 6007r. 40.8 mm.
1 Residual extension

:

1

!

CM Za

Second Experiment : Interrupted cycle of adiabatic extension.

Adiabatic extension

:

Time: 0.2 to 0.1 sec.

Extension

:

20 mra. to 130 mm.
or ScOFr

After process Vi, the

strip was held at 550%
elongation for 3 sec. . . .

! Fi On release of the stress,

la retraction occurred . . ,

from 130 mm. to 120 mm.|

length, with a resultant

racking of 500%.

The strip in condition Zu

after 2 min. in water at'

60° C. and 10 min. rest at

room temperature re-’

'3 tracted to condition \T..E
where the length changed *

from 120 mm. to 21 mm..|

h leaving a plastic elonga-j

tion of 5%. jZ

Third Experiment: The cyclical process of isothermal extension.

Isothermal extension

to fracture:

Time : 3 min.

Extension: 20 mra.

to 120 mm., or

After this process, the

parts of the strip immedi-

ately retract, so that after

10 min. the length has

ichanged from 120 mm. to

30 mm., leaving a resid-

ual extension of 50%.

The rubber in condition'

Z3 when allowed to re-j

tract further in water at

60° C., for 2 min. and fori

10 min. at room tempera-'

ture, undergoes a change'

jfrom 30 mm. to 26 mm.

|leaving a plastic exten

sion of 30%.

“Die Anisotropic des Kautschuks ist im Prinzip die thermodynamisdie
Funktion des Valenzdifferentials der Schalenaggregation. Wenn in erster

Instanz die Anisotropic des Kautschuks eine Differenzierung der Valenzeii

der Polyprenspharoide nach innen zur Voraussetzung und eine reziproke

Differenzierung des Valenzdifferentials nach aussen zur Folge hat, so re-

sultiert in zweiter Instanz aus einer weitergehenden thermisclien Differeii-

zieriing der Valenzen eine reziproke Differenzierung der Anisotropic. Das ist
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loule-Effekt. Er ist gleichzeitig cine reversibleii X^rscliiebiuig einer dis-

iersen Kristallisation, verbtinden mit reversiblen Warme- uiid Dichteanderiiii-

ien imd einer reversiblen Verschiebung von Lichtreaktionen . . . Und noclimals

die anisotrope
Aggregation. Man kann sagen, das Valenzdifferential der iso-

inpen Aggregation wird differenziert durch die thermodynamischen Faktoren

der anisotropen Aggregation . .

Calorimetric Experiments in Connection ivith the Goitgh-Joule

Effect, and their Theoretical Explanation

Definition and Experimental Determination of the Heat of Elongation.

A knowledge of the heat which is produced and absorbed in the elongation

and retraction of the rubber is of prime importance in a thermodynamic
discussion of the Gough-Joule effect. It must not be expected that the magni-
tude of this heat effect will represent a constant of the material which can

be definitely determined, like the melting point of a crystalline substance.

Rather this magnitude is like the other “constants” of rubber in that it de-

pends to a high degree upon the kind of rubber used and on the age, previous

treatment, and temperature of the particular sample upon which the measure-
ment is made. Nevertheless, the determination of the order of magnitude of

this heat of elongation is of great interest for the sake of comparing it with

die maximum work involved in the process of elongation. By measuring
these two quantities under comparable conditions on the same rubber test

specimen, the comparison can be made without the introduction of disturb-

ing variables.

The first quantitative determination of the heat of elongation of rubber

was made by Hock and Bostroem.^^- First of all, it is important to make
dear just what is the nature of the measured magnitude. If the heat per

gram of rubber which is given off during a more or less rapid elonga-

tion is measured, it must be supposed that at the same time a certain

amount of frictional heat is set free. Besides, in the early stages of the

elongation there is a slight cooling, as was shown by the observations

reported by Joule.^^^ This cooling is similar to that observed in the elastic

dressing of other materials than rubber, such as metal wires. The couling

of metal wires by tension has also been determined by Joule, and more ac-

curately by Edlund.^^^ The measurements of this latter investigator are in

agreement with the requirements of thermodynamics.
It is therefore to be expected that the determination of the heat of elonga-

tion will give a rather complex magnitude. However, only that quantity

of energy which is deposited in the rubber structure in a latent and reversible

form is to be considered as the equivalent of the cohesive forces which come
into play in the transition of the rubber into the anisotropic form. That
done is suitable for explaining the relationship between increasing alignmmt
of the colloidal micelles and the associated increase in density and production
of heat.

Fundamentally therefore, the problem was not to subject the process of

elongation to thermal measurement, but rather to determine the difference in

the energy contents in the isotropic and the anisotropic states.

“ See p. 437 of this book and Z. Elekfrochem.,
(1925).

•

^ p. 415 of this book; also L. Hock and
S. Bostroem, Kautschuk, 2, 131, (1926).

Ann,, 126, 539 (1865) ; see also O. D.

Chwolson, ‘^Lehrbuch der Physik.” Vol. 3. p.

565, Braunschweig, 1605; Muller-Pouillet,

“Lehrbuch der Physik,” Vol. 3, p. 1; and
“Thermodynamik,’* by. A. Eucken, pp. 114
and 448, Braunschweig, 1926.



m PHYSICS OF RUBBER

111 order to obtain a preliminary conception of the order of magnitude of

the Joule heat, Hock and Bostroem allowed a piece of elongated and hardened
ra\v’ru])ber (a strip of sheet elongated to about 600 per cent) to relax in a

water calorimeter at about 27° C. From the measured cooling of the ci*n-

tents ot the calorimeter they obtained a latent heat of the order of magnitude
of 10 calories per gram of the rubber used.

Even this first approximate determination showed that the heat of elonga-

tion greatly exceeds the energy utilized in the elongation, which is of the

order of magnitude of one-tenth calorie per gram of raw rubber. (The heat

of elongation might more exactly be referred to as the heat of transformation

into the anisotropic state, “Anisotropierungswarme,"' or with the opposite sign

as the heat of transition into the isotropic state, ^^Isotropierungswarme,” if

it is desired to avoid the expressions ‘‘heat of solidification’' and “heat of

fusion.”) The frictional heat produced with the work of elongation must
therefore amount to a negligibly small fraction of the reversible heat quan-

tity involved. It need not be considered, therefore, since it is smaller than

the error that will be made in the determination of the latent heat due to the

intrinsic uncertainty concerning any rubber sample.

The complex nature of the Joule heat is therefore very obvious from a

theoretical point of view, but it is of little significance in a practical way.

Accordingly, it appears that it would be possible to determine the Joule heat

directly from the c!ong«micn or relaxation process as well as from the energy

difference between the isotropic and anisotropic states. However, measure-

ments of this sort made by Hock and Bostroem following Joule’s method did

not lead to satisfactory results, and showed only that the heat given off wa-

roughly proportional to the amount of elongation.^^® By means of a multiple

tliermocouple with the junctions embedded in a rubber strip, the temperature

rise which accompanied the elongation of the strip was measured. The specific

heat of the rubber at the same temperature (about 17° C.) was measured

calorimetrically in an indirect manner, the average value obtained being 0.38

calrtries per gram per degree Centigrade. This determination of the specific

heat was not very’ exact, and the inexactness could not be attributed exclusively

to the indirect method of measurement. The quantity of heat calculated from

the specific heat and the rise in temperature did not agree very well witli

the heat of elongation as determined by other methods described below.

( See p. 441.)

The best method for determining the latent heat of elongation proved t»j

!)e a method based on a cyclic process. The heat of swelling in a solvent such

as benzene or benzine is measured, both for isotropic raw rubber and for

rubber that has been elongated and hardened in an anisotropic state. In

both cases the rubber reaches the same final state, so that the difference in

the heats of swelling for the two forms is therefore equal to the heat of

transformation. In this manner Hock and Bostroem^®® have determined

the latent heat of elongation as a function of the degree of elongation. For

that purpose a sensitive differential calorimeter was used. This calorimeter

consisted of two gold plated beakers which were surrounded on all sides with

water or with an air jacket, which in turn was contained in a metal vessel

The outer vessel of tin was as thoroughly insulated with paper as was pos-

See S. Dissertation, Giessen, Kol~
ioidchem. 3e''-effe, 26, •‘59 0928^« Gummi’Z: , 41 . : : 1 2 -U '526) , Also L. Hock,
Kmtsekt.'':, 3, 2.';7 'y.1927'^ and the above-cited

dissertation of S. Bostroem. The compfa

nature of the heat of swelling here oter^e-J

need not be considered. (See also p. 471.)
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qlile. A copper-constantan thermopile consisting of forty couples was used

with a mirror galvanometer to measure the temperature' difference between

the two vessels. In each Weinhold flask there was a tin-plated vessel provided

with a valve. The rubber, either isotropic or anisotropic, was placed in the

;.ne, while the other was left empty. When the valve was opened from the

uiitside, the calorimeter fluid flowed in and swelled the rubberd^^ The swell-

ing of the isotropic rubber showed an absorption of heat which amounted to

from 0.1 to 5 calories per gram when benzine was used as the solvent, the

aiiiouiit of heat being dependent upon the kind of rubber used and upon the

age of the rubber. The swelling of anisotropic rubber showed a cooling

which was more marked the greater the elongation. The rubber, both iso-

tropic and anisotropic, was used in the form of small pieces which were mixed
with metal pieces for the sake of better thermal conductivity. The amount
of heat absorbed was determined after each separate experiment by an elec-

trical calibration of the calorimeter in which a corresponding temperature

change was produced by electrical heating in the same time interval. Both

kinds of rubber came to practically the same final state in a comparatively

diort time. For the swelling of the isotropic form, the rubber was tempo-

rarily stretched to a corresponding elongation and relaxed before the meas-

urement was made on it. This was done as an added precaution to make sure

that the calorimetric measurement involved practically nothing but latent heat.

The Heat of Elongation as a Function of the Degree of Elongation.

The results of the measurements made by Bostroem can be shown in the

iorm of a graph. The latent heat, the increase in which may be predicted

from theory on the basis of the orientation and close packing of the

particles, increases as a linear function of the amount of elongation. Since

the work performed during the elongation, when expressed in thermal units,

is vanishingly small as compared to the liberated heat, the heat of transforma-

tion which is measured in the calorimeter without the performance of ex-

ternal work is practically the same as the change in the total energy of the

system when it changes from one state to the other. The error involved i>

within the reasonable limit of error of the experiment.^®®

In Table 9 are given the corresponding values of elongation (in per cent i

and heat of elongation (in gram calories per gram of raw rubber). Experi-

ments with rubber at still higher elongations are planned by the author and
his collaborators.

Table 9.—The Dependence of the Latent Heat of Elo^igation on the Degree of Elongation,

{According to Hock and Bostroem.)

Heat of Elongation

Elongation per cent in g. cal. per g. of Rubber

186
361
428
621
658
821

0.84

2.33

2.86

4.58

5.24

6.80

“E regard to improvements in the technique
?? the experiment, see Fr. Hartner, Disserta-
hoa, Giessen, 1929. (See pp. 463 and 478.)

/iMrf* Blektrochem., 31, 407 (footnote)
aiso p. 446 of this book, where a

rartlier proof of the theory is furnished by
x-raj measurements.

188 In regard to the definition of the thermody-

namic values here encountered, see J. Eggert,

**Lehrbuch der physikalischen Cheraie auf

elementarer Grundlage” 2nd Edition, edited

mutually with L. Hock, p. 26 ff., S. Hirzel,

Leipzig, 1928.
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The remarkable fact that there is no appreciable quantity of heat invulve
l

at (4on,libations of 100 ]>cr cent or less is shown in Figure 76. Perhaps tIT

fact is related to the change in sign of the thermal effect for the smaller

elongations. It may be that for elongations of 100 per cent or less, tlie

normal therniodynamic effect and the effect which is conditioned by the

beginning of the anisotropy compensate each other. Incidentally/ it p
at 100 per cent elongation that the x-ray interference pattern firsf attain,

appreciable intensity. This fact, which was first pointed out by J. R. Katz,

is discussed again on p. 445.

Figure 76—Heat of extension of raw rubber : its

dependence on the degree of extension.

(According to L. Hock and S. Bostrocm.)

200 400 600 too
Elorsqatmn ®/,-

Theoretical Explanation of the Heat of Elongation. If the measiirel

heat of elongation is compared to the energy employed in producing the

elongation (which latter can be measured directly in kilogram-meters hv

means of a Schopper ‘Tending” balance) it will be found that the energy

used is only a small fraction of the latent Joule heat. For average elongations

this fraction is about 2 ])er cent. As has already been pointed out, that fact

makes it impossible to consider the Joule heat as being of the nature of fric-

tional heat. Rather it undoubtedly must arise from the mobilization of soir.c

molecular forces such as the van der Waal forces. Possibly the elongation

of rubber may be compared to the condensation of water vapor to liqiiiil

water in this respect. There is also a certain amount of volume energy

==: RT per mol ) employed in compressing the gas at the pressure of the

saturated vapior. This energy is likewise quite trivial in comparison with

the important latent heat which enters into the phenomenon. This latent

heat is produced l>y the molecular forces that come into action when the con-

densation occurs. In a similar manner, the occurrence of the Goiigh-Joule

effect ill raw rubber is connected with a packing together of the structure

(and in particular with an alignment of the rod-like molecules). Acconl-

iiigly, a volume energy is also involved here (as has been previously men-

tionecl, the density of rublier increases by several per cent when the rubber i?

elongated). This energy which is utilized is therefore contained in the

Avork of elongation. To be sure, the exact nature of the molecular force^

ill ruljber is unknown, so that the work of compression unfortunately

cannot be calculated by theory. If for each stage of the elongation there

is a functional relation (of unknown form) between the applied force k

and the volume decrement, the work reversibly stored up in the structure of

anisotropic rubber may be expressed by

A = C' k dv
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Application of the Second Law of Thermodynamics to the Elongation
Process. Unfortunately, the maximum work (reversible in the ideal
thermodynamical sense) cannot be directly determined. The work which is

actually used up in the elongation process, which can easily be measured from

a stress-strain curve by means of a planimeter, is doubtless of a complex
Siature. Aside from the ideal work associated with the change in volume,

there is always a considerable portion of frictional work included and also

work which is utilized in permanently changing the form of the rubber,

-ince it is not possible to carry the rubber through an isothermal, and at the

same time a completely reversible cycle.

Xevertheless Hock and Bostroem have attempted to test the validity of the

I'iibbs-Helmholtz equation as applied to rubber, since it is applicable to ideal

processes of this kind. It was thought possible at least to find wherein lay the

difficulty of such a task. Letting A stand for the maximum work performed
by the system, U the decrease in its total energy and T the absolute tempera-

ture, we have the relation

which is the Gil)bs-Helmholtz equation. If A, U

,

and T are known from
mechanical and calorimetric measurements, the temperature coefficient of the

maximum work, i.e., its change per C, can be predicted. If the experi-

mental value is found to be in agreement with the theoretical, the equation

will be confirmed, and the rec[uirements of the first and second laws of ther-

modynamics will evidently be fulfilled by the system. Since the work of

dungation as measured does not possess the characteristics of a maximal
work, the equation must be considered as incompletely satisfied. The size

n the temperature coefficient of the free energy can l^e estimated, Imwever,
ly substituting the known values of A, U and T in the above equation. The
wnrk performed by the system is to be taken with a positive sign, and a de-

crease in the total energy is also to be considered positive. For an elongation

process referred to 1 gram of rubber and an elongation of 658 per cent, V
has a value of 5.24 calories, while according to the above-mentioned measure-
ment of Hock and Bostroem, the corresponding value of A is about — 0.2 at

a temperature of 290^ K. The ideal value of A would be less than this, but
its exact magnitude is of small importance, since, within the limits of error

in the value of [7 we may replace —U with A—U, Accordingly, in this ap-

proximate calculation we have the value of approximately -f- 5 on the left

side of equation (24) and 290 dA/dT on the right side. The temperature
ciiefficient of the maximum work therefore comes out to be

d 4 4-5

‘7r’~ 290

According to this, the ideal reversible work of elongation must increase by
0.017 calories for each degree of temperature increase. Actually', it is well

known that a quite marked decrease in the work of elongation is observ^ed

^ith an increase in temperature.* Thus a negative temperature coefficient

exists instead of the positive coefficient which might be expected from the
above conclusions as well as from kinetic considerations. Apparently, the
work which is actually measured must include a considerable portion of ir-

reversible frictional work, and work which is absorbed in permanent altera-

* Translator's Note on p. 408 for criticism
tJi this interpretation.
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tioa of the shape. Without doubt, such work would have a negative teir-
perature coefficient of some magnitude, which would give a negative cn'
efficient to the total work.^^® If it were possible to eliminate the irreversible
portion of the work it is naturally to be expected that the Helmholtz enii=t;r,„

would he satisfied.^^^

It may be supposed that the work involved in the retraction of raw rublie-
could be measured by changing the velocity, which would change the pro-
portion of friction. By extrapolating to zero velocity, it might then be pos-
sible to estimate the amount of the frictional work. By that means it nikh
be possible to determine the correct temperature coefficient, at least in reo-ard
to sign. To be sure the elongation velocity must not be made too small,'^be-
cause then a completely new stress-free molecular structure of the rubbe^
may he produced by a process of internal slippage. It is a well-known fact
that when raw rubber remains distorted for some time at room temperature
or at a higher temperature, it finally ceases to show any resisting tension
The anisotropic structure goes over into an isotropic structure by interna’
slippage while the external deformation is kept the same. Moreover, the
raw rubber that had been racked to 10,000 per cent and then relaxed with a
resulting permanent set of 1,000 per cent (as described by Feuchter) did no*
show any remaining anisotropy, according to x-ray measurements bv F A
Hatt.scr. (Sec p. -149.)

Relation Between Heat of Elongation and X-ray Interference. Hauser
in some work which will be discussed in more detail later, has recently studied
the process of extremely slow elongation. He found that when the elongation
was slow the x-ray interference and the occurrence of noticeable anisotropy
were almost totally absent. He also found that neither the Joule heat of elon-
gation nor the change in density was noticeable. Both discoveries are in the
best of agreement with the theory of the Joule effect proposed by Hock, k
that theory, the heat which appears is explained as being the heat of the trans-
formation into an anisotropic state. If the isotropy is maintained, no heat
\vould be expected.^® In order to investigate this relationship more closely.

Hauser and Rosbaud secured elongation curves for raw rubber at various
velocities and at various temperatures. By simultaneous observation of the
x-ray interference and of the thermal behavior, they showed that both the in-

tensity of the interference spots and the quantity of heat involved in the
process^ are^ proportional to the amount of elongation only when the rate oi
elongation is kept constant. It would, therefore, be more exact to speak oi
the proportionality between the quantity of heat involved and the anisotropy,

”” By way of c-tr.yar:?--. :f may be stated that
rapcseed oil. :rr ext.r.iy le, exhibits the con-
siderable temperature coetiicient o£ 12 per cent
with respect t(i its interna! friction. On the
basis of the value 0.017 for the tempera-
ture coefficient of maximal work and the value
of 0,2 calories for the work utilized, the posi-
tive tempcrat'.ire coefficient of the ideal work

.

nation of rubber amounts to about+ 10 per cent. (The ideal reversible work
forms only a portion of the work utilized and
probably amounts to 0.1 calories or even less.)
The temperature coefficient actually observedm this case amounts to about — 0.003 calories
per degrw or alxnit —1 per cent It ap-
pears plausible that this slightly over-
compensated neutralization may be attributed
to a

_
marked effect of the temperature upon

the mtenial friction. That explanation in-
volves the assumption that the temperature

coefficient of the internal friction for rubbe’
between 17''" and 31° C. is consideraWy larger

ifficient for rapeseed oil.

ler treatment of the
W.

Vol. 3
1929; also V. Bje
^(1891).

_

The writer^ had expected the absence of an is-
* +1^* nb#*nnmena cf

interference (anisotropy; aic
He is indebted to Messrs. Hauser
baud for the friendly confirmation of this

The inner connection among the three grotit*

of phenomena constitutes the very basis of tk
theory of the Joule effect, which was first

developed by the author in Kolloid'Z.^ 3S, 4fi

(1924).



SPECIFIC HEAT OF RUBBER 441

Mtber than between the quantity of heat and the elongation.”^ In this be-

iiavior is seen the effect of a flow phenomenon which is the more noticeable

the more the velocity of flow exceeds the velocity of elongation at any tem-

nerature. In agreement with this, the highest degree of anisotropy can be

produced only by the process of quick racking. An elongation curve for an

"Xtremely low rate of elongation (as obtained by Hauser and Rosbaud) ”2“

h shown in Figure 77. By means of intermittent elongations and subsequent

periods of flow, an elongation-flow curve can be obtained. If a line is drawn
through the points representing the amount of flow of the test piece, the curve

sj uhtained will represent a curve for a very low rate of elongation. (Sec

iho p. 449.)

Figure 77—Cyclic extension curves for

raw rubber.

(According to E. A. Hauser and P.

Rosbaud.)

(Stress calculated on original section.)

The Temperature Function of the Heat Capacity of Rubber (Specific

Heat). Important contributions to the knowledge of the thermal proper-
ties of rubber have been made recently by LeBlanc and Kroger and by
Ruheinann and Simon.^^^ They have investigated the dependence of the

specific heat on the temperature for various kinds of raw materials, which
were studied under various conditions; i.e., normal, milled, elongated, frozen,

etc. The agreement between the findings of the two groups of authors is not
all that could be desired, to be sure. A complete picture cannot be obtained
from the data available at present, but Simon and Ruhemann have attempted
tugive a critical explanation for certain outstanding points in regard :c iiie

khavior of the specific heat. Since they show in their figures the findings of

LeBlanc and Kroger for comparison, use will be made of these figures in the

present discussion, but the oinginal work must be consulted in regard to

details.

Simon and Ruhemann used a vacuum calorimeter to make their measure-
ments, and investigated the specific heat of various samples of natural and
synthetic rubber between — lOO'^ and -|- 35° C. The thermal expansion and
x-ray interference patterns were also studied in connection with these results.

It was found that the gradual rise of the curve for the heat content was
broken in various places by striking '^anomalies.'’ Three different anomalies
were found in all. The first (designated as a) was in connection with the
liardening of a phase of the rubber and was explained as being a general
property of the amorphous state, since it showed a great similarity to the re-

lated phenomenon in glycerol and in other substances. In natural rubber, this

anomaly is shown between — 80° and — 65° C. by a short, sharp rise in the

^ the formulation on pp. 436 and 446 in
support of this idea, which had previously been
adTOnced in the dissertation of S. Bostroera
referred to there.

Kautschuk, 4, 12 (1928),

Elektrockem., 34, 241 (1928).

pkysik. Chem. (Sect. A), 138, 1 (1928),
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curve of the heat capacity. This is shown for smoked sheets in Fio-ure "(j.

where the heat capacity per mol of isoprene is shown. In .synthettc nihi
this anomaly is shifted toward higher temperatures, as ma)’ be .seen in r',T
ures 78b and 7Sc, where the “jumps” occur at higher temperatures
curve in Figure 7Sb is for synthetic H-rubber, while that in 78c V f”'’"

’\\'-rubber.
^

Temperature «'*C)

Figure 78— ( a-c )— Specific heat r
•

various types of rubber, as depenhr'
on temperature.

(According to Simon and Ruhema-
and according to M. LeBlanc a':

Kroger.

)

In natural rubber another anomaly, was observed in the neigliborhoud

70 if f h ^ prominent peak, as is shown in Fig-

h .u h f° anomalies are due to impurities contain^
the rubber; rather they are to be ascribed to the rubber substance itself
In the measurement ot the specific heat of frozen sheets and frozen '•cw

sheets the anomalies a and /3 were also found, although they were Mtim-wha displaced on the temperature scale. In addition there w'as ob.served a
third anomaly y, which was also found in racked rubber and which was evplamed as a heat ot tusion. These anomalies may be noted on Figures 80aand b. The energy content ot this third anomaly, which occurs at approxi-
mately room temperature, amounts to about 4 calories per gram of rubber for
sheet rubber and 6 calories per gram for “cut sheets.” The occurrence of
this anomaly is connected with the decrease in the opalescence of the ruhher
which takes place on heating, so that it appears to be altogether correct to
refer to this anomaly as a heat of fusion. It is to be expected that a system-
atic continuation ot the investigations along this line will contribute to a
solution of the problem ot rubber structure. In this connection should k
mentioned an earlier observation by Stoll that a thermal reaction occurs
wlien rubber ib massed at a temperature in the neighborhood of 60° to 80° C

Gummhltg., 40, 1749 ( 1926); 42 , 745 ( 1928).
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pioure 79—Variation of the

=pediic heat with temper-

^ure for raw rubber m the
* neighborhood of 0° C.

(According to Simon and
Ruhemann.)

3 1st iillins; suddenly cooled; 5

hours @ low temperature.

h 2jid filling; suddenly cooled;

12 hours @ low temperature.

. 2nd filling; evacuated @ 20®

for 12 hours; then rapidly

cooled; 1 hour at low tempera-

ture.

:i. 2nd filling; held 1 hr, @ 40®;
then slowly cooled; 1 hour at

low temperature.

This reaction produces a marked decrease in temperature. It appears that

ihere must therefore be in that temperature region another anomaly of the

first kind mentioned above.

Recently A. van Rosseni and J. Lotichius have taken up the study of

die freezing of rubber, and have studied among other things the relation be-

tween temperature and the density, hardness, and light absorption of raw
rubber. This was done with the collaboration of J. R. Katz in the domain

Figure 80— (a-b) — Variation of
tlie specific heat with temperature

for “frozen” rubber samples.

(According to Ruhemann and
Simon and according to LeBlanc

and Kroger.)

^Kmtschuk, 5, 2 (1929)
^Z, mgew. Chem., 38, 439 (1925); Kaut-
Khuh,Sf 6 (1929). See also E. A. Hauser

P. Roshaud, **X-ray Studies on Rub-
Substances,” Kautschuk,

(1^27). The crystal lattice o£ frozenWw IS found to be in agreement with
of elongated rubber.

Temperature TO
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of x-rays. All three of the above properties show a sharp decrease in their

value at the same temperature, which is taken to be a manifestation of a fis-

sion process. The above-mentioned authors also determined the “heat of

fusion” of a sample of frozen rubber to be about 5 calories per gram. This

determination was made in an ice calorimeter, employing the swelling process

described above. The ''melting point” rises when the rubber is stored for a

|)criofi of a year or so, and inversely, new frozen rubber will thaw at a lower

tem?erati!re’’thaii that which has been stored for a long time. In all cases,

h ' v'C'Vr?". the same x-ray diffraction was observed. The original work must
l^e consulted in regard to further detail (See also p. 416.)

X-ray Inresiigatwns in Connection with the Goiigh-Jonle Effect and Their
Theoretical Explanation

Experiments of Katz. The theoretical explanation of the Goiigl>

Joiile effect, from the standpoint not only of the mechanical but also of the

thermal and optical phenomena characterizing it, had led Hock to assume that

stretched riiliber had a fiber structure resulting from some particular inter-

action ad’arent forces. Macroscopic proof of this fiber structure was

later ! y hi.- cleavage experiments^® With H. Stintzing he evnlved

the phnr
[

r- 'ir.g this fiber structure by means of x-ray photographs

For extraneous reasons, the experimental \vork in connection with the investi-

gation was delayed, and J. R. Katz actually made the first observations on

the occurrence of x-ray interference in the case of stretched rubber.

By means of these x-ray experiments, the ordered structure of stretcl:e:

rubber was proved visually for the first time. The determination amomitec
only to an observation of a lattice spacing (Identitatsperiode) in the direction

of stretch, and it remained doubtful to what extent it was correct to speak

of the temperature of thermal relaxation as the "melting point” (Hock, 1924 n

Xevertlieless, in spite of the surprising analogy between these observation?

and those of the melting of a crystallized material (collapse of the lattice

structure, disappearance of the x-ray interferences, thermal phenomena), the

exact proof that the heat of stretching was identical with a real “heat of

crystallization” (Katz, 1925) was still lacking. In any case, from the be-

ginning, as previously shown (p. 420), this heat was considered to be analo-

gous to the Joiile-Thomson effect in real gases (heating during compression,

cooling during expansion). According to the kinetic method of presentation

by the author, it was conceived as a latent heat proceeding from the agency

of a van der Waal’s cohesive force, and may be spoken of for the moment as

a heat of crystallization, in 'which these forces must be considered as lattice

forces. The more extensive, ruanfftative measurements of E. A. Hauser
and H. Mark (1926), and mere part'-evdarfy those of H. Mark and G. von

Susich (1928), first led to the justification of this concept. However, the

stability of form (!) of unstretched rubber admits no remnant of similarity

with the relaxation of the process of melting (see p. 456 ), so that the author

must still prefer the expression "a kind of melting point.”
Scherrer had experimented earlier with unstretched rubber using x-rays

and had found that it was very^ similar to gelatin. The x-ray diagram showed

the typical characteristics of an amorphous substance, and induced Scherrer

^ See 'Fig, 73 cm p, 422 of tiiis bixfc, schaften, 13, 410 (1925); KcUoid-Z., 36,
^Koilmd-Z,, 35,40 (1924). (1925); ibid., 37, 19 (1925); Katz md Bln.

Ckem.-Ztg., 49, 353 (192S); Naturwissen- Z. angew. Chem., ^39 (1925).
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.
come to the conclusion that both substances might be composed of a mix-

aire of two amorphous materials.^^^ -j.

It is only with the extension of rubber that the picture changes. Instead

(d merely the wide ‘^amorphous ring^’ which is observed when a strip of un-

Itretched rubber one millimeter thick is irradiated with x-radiation from a

copper source and a photographic plate is placed behind it and perpendicular

^0 the impinging primary ray, there appear in the study of threads of rubber
Stretched three or more times their normal length, phenomena which remind

one of a crystal interference pattern. Next to the persisting ‘^amorphous

ring” are to be found dot-like interference spots, as they appear character-

istically in substances which are composed of many small crystals all lying

parallel to some crystallographic direction, in this case to the direction of

stretch. At all events, a certain degree of extension must first be reached be-

fore these interferences appear, and this minimum is about 100 per cent. The
greater the extension, the greater is the intensity of the interference points

as compared with that of the amorphous ring, which latter, however, always

remains distinguishable, regardless of the degree of extension. These same
interference patterns may be seen in the case of torsion of a rubber strand

as well. They provide a further proof of the anistropy of rubber, and justify

immediately the question as to whether rubber may perhaps exist in crystal-

lized form. Undoubtedly, unstretched rubber is in an amorphous form. It

is certainly reasonable to assume the existence in it of molecules or quasi-

molecules imagined to be of oblong form and existing next to each other in

lawless disorder. The kind of crystal structure which is indicated by x-ray

investigations is not essentially present in rubber, but is due to the process of

stretching, a fact which Katz had already emphatically pointed out in his

Srst publication. From the standpoint of pure chemical investigation also,

the existence of extended chains of molecules has been predicted (Staud-

inger, 1924).

Anisotropy is directly associated with the parallelism and close packing of

the molecules or molecular aggregates. In order to ascertain to what degree

the Gough-Joule heat might properly be considered as a heat of production

oi anisotropy, L. Hock and H. Stintzing undertook the problem of determin-

ing the degree of parallelism of the micelles by means of x-rays, and of de-

termining the relation between this degree of parallelism and the heat effect

observed during the extension process.^^^ Thus finally the problem became
one of stating the heat effect not with reference to the unit weight of the

aggregate which in general takes part in the process of extension, but only

to the mass which actually participates in the production of anisotropy. If

Cf. R. Zsigmondy, “Kolloidchemie,” section
by P. Scherrer, 4th ed-, p. 409, Otto Spanner,
Leipzig, 1922. Here co’^nVte information con-
cerning the expvTri-i'.r: ;;:1 r is given.
Later, G. L. rk, i i I'lo States, used
x-rays in the study of rubber; see Am. J.
Roentgenol. Radium Therapy, 12, 556 (1924).
In this^ reference, balata and gutta-percha are
also discussed. (Clark & Bergman.) See
also Hauser & Rosbaud, Kautschuk, 3, 17
(1927) and also 3, 228 (1927), and finally F.
Kirchhof (Gutta-percha), Kautschuk, 5, 175
(1929); Dissertation, Hanover, 1929.
Translator’s Note.^ Reviews of the early stud-M of the composition and structure of rubber
Mve been written by Hauser and Bary, Ruh-

(N. Y.), 23, 685-8 (1928) and by
f: A* Clark, India Rubber World, 79, (5)
55-59 (1929).~-N. J.

' translator’s Note. One of the earliest writers

to mention rubber as being of a two phase
nature was Govi, Les Mondes, 19, 640 (1869).
His assumption that rubber was similar to a
solid foam was later disproven by Thomas,
Les Mondes, 20, 7 (1869) and by Hesehus,
J. Russ. Phys. Chem. Soc., 14, 320 (1883).
Various other authors have advanced theories

concerning the structure
^
of rubber on the

assumption of a two-constituent system: Mal-
ock, Proc. Roy. Soc. (London), 46, 233
(1889) ;

Chaveau, Compi. rend., 12S, 388,

479 (1889); Fessenden, Science, 20, 48
(1892); Breuil, Caoutchouc & gutta-percha,

(1904-5); Schwarz and Kemp, Caoutchouc &
gutta-percha, 8, 5293 (1911); Cheneveau and
Heim, Compt. rend., 152, 320 (1921); Bary
and Fleurent, Compt. rend., 184, 947 (1927);
Rev. gin. caoutchouc, 4, (31) 3 (1927),—N. J.

158 See L. Hock, Z. Elektrochem., 31, 404
(1925).
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one flirtlier assumes that the ru]>])er which Feuchter racked to a 10/X)0 per
cent extensi(jii, and which was no lon^^er capable of swellin<p, had to a certair
approximation reached its full degree of anisotropy then there beconie=^
necessary for the determination of the above magnitude only the determi'
nation of its heat of relaxation. This work has been planned by the author
Experiments of Hauser and Mark. On account of the above-mentioneft

delay in the preparation for these experiments, the investigation of the inter-
relation of the intensity of the interference spots and the degree of extension
of the rubber was meanwhile undertaken by Hauser and Alark/^^ who riub-
lished the first exhaustive and extensive quantitative study of the structure of
stretched samples of rubber. Their research also dealt particularly with the
question as to whether the aspect of the interference pattern remains un-
altered during continued extension, during which its intensity increases or
whether this aspect is dependent on the degree of extension. Onlv in ca-e
this pattern remains unchanged during continued extension can we aWee on'a
definite similarity to a crystalline structure, which is distinguished by the
property of fixed lattice spacings. With their mastery of the experimental
method and of the theoretical interpretation of difficult x-ray diao-rams at-

tained ill the IMark laboratory, these authors succeeded to a great extent i*’'

making the crystalline nature of stretched rubber evident, as a^'result of their
extensive measurements and calculations.

With this object in mind, diagrams were obtained using a film of drieo
latex, which had been subjected to extensions as high as 700 per cent. In
this experiment, the interferences first became evident at an extension of
about 80 per cent and with further extension increased in intensity. A carefrJ
nieasiirement of these photographs showed that all interference spots occu-
pied a position which was, within 0.5 per cent, independent of the degree of
extension. Concurrent photometric experiments showed a linear dependence
of the intensity of the interference spots on the degree of stretch i not of
tension I, vliich is equivalent to an increase in the niiniljer of directed
particles.

It must be remembered that in view of the discoveries of Hock and Bos-
troem, the same linear relation between the heat effect and the degree of ex-
tension exists, and thus the parallelism of both phenomena leads immediately
to the interpretation which follows. As the number of directed particles in-

creases with increasing extension, so also the mobilization of van der Waal'.-
forces liiiter-miceliar forces') between the directed and closely packed com-
plexes advances, these forces being causally related to the parallel position.-

of the particles ( micelles ) and becoming evident in the characteristic varia-

tions of the latent heat. Even as the interference patterns first become evident
at appruximately 1(X) per cent extension, so also as a parallel phenomencii,
an appreciable heat effect first becomes evident at about the same extension,

llie heat eftect, which is related to the Gough-Joule effect, is, therefore, abo
in causa! relationship to the x-ray interference patterns. If these patterns

are absent, as with the phenomena of flow, (mentioned in the previous sec-

tion as being slow and as occurring without change in density) then there is no

cause for the appearance of a heat of anisotropy. With this, there is possible

a strong confirmation of the theory advanced by the author, namely, that the

(./. p. 432, as weli as the footnote regarding

tlie exiaastion of the niicellar forces in the

case of extreraely stretched rulil^er.

Kolloidchem. Beihefte, 22, 63 ;
23, 64 (1926).

The relation between the heat effect and tk
degree _of extension has already been dis-

cussed in a previous section.
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Unstretched Stretched 500 per cent

Figures 81 and 82—X-ray diagrams of raw rubber.

These figures are the first diagrams made by J. R. Katz
[Naiiirzi/issenschaften, 13 , 414 (1924)].

Unstretched Stretched

Figures 83 and 84—X-ray diagrams of frozen rubber.

(According to M. Hiinemorder and P. Rosbaud.)

bough-joule heat of extension increases in proportion to the number of

rarallel and closely packed particles. (See p. 438.)
In Figures 81 to 87 again, a number of typical Debye-Scherrer x-ray

iiagrams are presented. There is a diagram of unstretched and stretched

rubber from the first publications of Katz next, from the experiments of

Hunemorder and Rosbaud a diagram of unstretched and stretched

irozen'* rubber (Figs. 83, 84), and later a diagram^ (Fig. 85) by the same
authors, of very slowly stretched smoked sheet, which was, therefore, iso-

tropic under flow at 500 per cent extension. This sample gave scarcely any
iliscemible interference pattern, while under rapid extension the same ma-
terial gave a marked fiber diagram (Fig. 86). Finally, Fig. 87 shows the

&gram obtained by H. Feuchter, noteworthy because of even stronger and

Nmrwissenschaften, 13, 410 (1925). Kautschuk, 3, 229 (1927).
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0. • '•

% A #

Rapid Elongation

Figures 85 and 86—X-ray diagrams of smoked sheets stretched to a 500 per cent

elongation.

(According to E. A. Hauser and P. Rosbaud.)

sharper crystal interferences. This is a picture of rubber under maxiniun.

racking, in which the “amorphous ring’’ is hardly apparent. Let it be here

stated that diagrams similar to those of rubber are obtainable from balata anb

gutta-percha in the stretched state. Communications from Hauser an;

his collaborators concerning these materials are before the authors. In the

United States, G. L. Clark/^® in particular, has undertaken similar problem-.

Returning to the details of the experiments carried out by Hauser and

Hark concerning the structure of stretched rubber samples, it becomes o:

importance to draw conclusions from the quantitative evaluation of the dia-

grams produced, as to the nature of the molecular structure thus suggested.

Of primary importance is the inference that it necessarily follows from the

increase in number of the crystallized phases that new individual crystals are

produced by new nuclei, and not that the old crystallites, already present, grov;

further. While the intensity of the interference dots increases in proportion

to the extension, (within limits of 25 to 30 per cent) the intensity of the

“amorphous ring” suffers a linear decrease with increasing extension of the

rubber.

Slow Elongation

Figure 87—X-ray diagram of “racked”

smoked sheets at an extension of about

9,000 per cent.

(According to E. A. Hauser.)

^-Kautschuk, 3, 17, 228 (1927). Acknowk^-
memt is here given Dr. Hauser for the kmci

loan of the original pictures for the prepara-

tion of the above Figures. ^

^Ind, Eng. Chem., IS, 1131 (1926); Inits

Rubber JVerM, 79, (5) SS (1929).
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Althoug'h the position of
^
the spots is independent of the elongation,* the per cent

at which the various spots become prominent depends largely on the rate of
.Extension, as shown by Hauser and Mark, Kautschuk, 3, 228 (1927). The fibrous struc-

•::re as indicated by the interference spots, is formed at much lower elongations if the

Se of elongation is high. This subject of the dependence of the fibrous state on the
': te of elongation has been studied by Acken, Singer and Davey, Ind. Eng. Clwm. 24,

11932), and also Eubber Chem. Tech., 5, 30 (1932). To quote from their abstract,

Jr is shown by x-ray diffraction methods that a time interval is required to build up a

rii er structure in stretched rubber . . . The most probable explanation seems to be that

‘ms is required either to squeeze out unfavorably oriented molecules to the interfaces

f fibers made up of favorably oriented molecules; or to pull out in the direction of fiber

mentation, tangled portions of molecules. Such a picture would cause the easilv

stretched, favorably oriented molecules to assume the role usually played by the more
i Jid phase of a gel, and would cause the less favorably oriented molecules (or portions of
molecules) to play the part ordinarily played by the liquid phase of a gel.”'

The lattice spacing along the axis lying parallel to the direction of extension

may be measured Erectly from the diagrams taken with copper radiation

the relation (''Schichtlinienbeziehung’') of Polanyi.^^® An average

value of 8.1 A is determined for this lattice spacing.

The arrangement of the interference dots may be explained by the hypothe-

sis that during extension a crystallized phase is produced, which is ru'iented

in a direction with one axis parallel to the direction of stretch. From the

position of the individually observed interference dots, as well as from the

relation of their respective intensities, the symmetry of the unit cel! may be
calculated by the rules of x-ray spectral structure determinations. In reality,

one observes considerably fewer interference dots than should be expected
for a supposed structure, and for this reason there exist quite serious un-
certainties as to the interpretation of the diagrams, inasmuch as the indexing
of the individual points is possible only with the help of certain assumptions.

Xevertheless, Hauser and Mark, in the publication mentioned, have already

come to the conclusion that the unit cell of stretched rubber can be assigned

to the rhombic crystalline system. Inasmuch as both Mark and G. von
Siisich^®^ had been successful in experimentally determining the lattice spac-

ing not only in the direction of the fiber axis, but also in the two other elemen-
tary directions, the interpretation of the diagram has become consideraldy

more reliable. As a result of this work, the symmetry of the unit cell appears
to be rhombic.

Inasmuch as we will consider more closely the results obtained by Xlark
and G. von Susich, and use the further conclusions at which K. H. IMeyer
and H. Mark arrived, let us next describe without too much detail the ex-

perimental method used by these investigators.

Von Stisich’s experiments gave diagrams with a greater number of definite

interference spots, which allowed conclusions to be drawn on a much more
detailed orientation of the micelles, than was possible from the earlier dia-

grams of other experimenters. This was particularly true in the case of very
thin rubber films, at the great elongation of about 1,000 per cent. In this

Translator’s Note by N. J.
|Z. Physik, 7, 149 (1921).
Kolhid’Z., 46, 11 (1928), In recognition of
tae importance of this work which appeared
after the manuscript of this contribution to
the present text had gone to press, the author
revived to strike out the text as first planned
—Msed on the older work—and to substitute
® otherwise unaltered continuity of the
whole the developments described below. How-
ew, from this new work was taken the above-
s^honed, corrected value (8.1 A) for the
attice spacing in the direction of stretch.

Hauser and Mark earlier gave the value 7,68

A, Cf. further G. L. Clark, “Applied X-rays,”
McGraw-Hill Book Co., New York, 1932,
also, Ind. Eng. Chem., 18, 1131 (1926).

61 , 1939 (1928). Cf. also the concise

introduction to the theory of the principal

valence chains, especially applied to the chem-
istry of cellulose by K. H. Meyer, Z. angew.
Chem., 41, 935 (1928) and also Meyer and
Mark, Ber., 61 , 607 (1928). A discussion of

the purely chemical problem, which at present

is still hotly disputed, naturally does not come
into question at this point. See pp. 169 E.
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Figure 88—Schematic X-ray diagram.

Figure 89—Actual X-ray diagram.

Irradiation perpendicular to the plane

oi the rubber film. Sequence of in-

tensities: (200) (201).

0.6 mm

ca. 0,1 mm
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Figure 90—Schematic X-ray diagram.

Figure 91—Actual X-ray diagram.
Irradiation parallel to the plane of the

rubber film. Sequence of intensities

:

( 020) (021 ).

\
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Sample
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Directinn of
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Figure 92—Schematic X-ray diagram.

.IL. .1,.,,.—

i

Figure 93—Actual X-ray diagram.

During irradiation of a rubber film rotated about an axis parallel to the

direction of extension. Sequence of intensities : (020) (200) (201) (021).

Figures 88 to 93—Schematic and actual X-ray diagrams of greatly stretched
thill rubber films (according to H. Mark and G. von Susich).
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manner it was possible to calculate reliably the lengths of the other two
of the lattice, and thus to undertake a certain indexing of the individual m-
terference spots, since henceforth the orientation of the crystalline rubber
micelles occurs not only in the one, but also in the other two directions. It is

possible thus, in agreement with Mark and von Susich, to speak of a foil-like

ordered micelle structure of stretched rubber. The evaluation of the diac^ran:

gave the following lattice constants

:

a= 12.3 ± 0.1 A
b=z 8.3 ±0.1 A
c= 8.1 ± 0.1 A (fiber axis)

Two different diagrams are obtained, according as the specimen is irradi-

ated perpendicular to the plane of the thin film or parallel to it, with x-rays

falling perpendicular to the direction of stretch. If during the exposure, the

film is put in rotation, in such a manner that the direction of stretch lies in the

axis of rotation, then the two diagrams are superposed with respect to the posi-

tion of their spots, and there results a fiber diagram, such as has been described

Ijv various observers to date. In these diagrams, however, the serial order of

tlie intensities of the individual interference spots varies with the conditions

under which the picture is taken. The new method of placing the film in the

direction of the pencil of x-rays, allows the accentuation of the interference

spots dependent on the lattice spacing a or on the lattice spacing b, and thus

allows the unique determination of a and b. If we now try to view the ob-

served interferences according to their position and according to their inten-

sities, in harmony with the rhombic symmetry of the ordered structure of the

crystal system founded on micelles, there result for the three above-mentione-:

positions of the specimen (the two stationary, and one rotational), the

schematic interference diagrams of Figures 88, 90 and 92. The actually ob-

ser\'ed diagrams corresponding to these are shown in Figures 89, 91 and 93.

Figures 92 and 93 show the better known “common” fiber diagram. It is

particularly worthy of note in these, that the sequence of intensities is differ-

ent in the three diagrams, as can he seen. In Figures 88 and 89, the (200 s

plane has the greater intensity, in Figures 90 and 91, the (020) plane, and

::: i^igurcs 92 and 93, the (020) plane. The axes calculated from this state

of affairs, and the crystal system deduced from these axes, appear henceforth

more certain than was the case with the older indications furnished by the

work of Hauser and Mark. In these older measurements, the number of

interference spots which were in agreement with the experimentally deter-

mined rhombic structure, both as regards their position and their intensity,

were far too few to justify certainty in the conclusions. The lattice constant

I Identitatsperiode) parallel to the fiber axis is incidentally newly determined

by this work with somewhat greater accuracy, so that we are henceforth in a

position to form quite definite conceptions of the size and orientation of the

elementary lattice volume.^®^

The x-ray diagram shows that, in stretched rubber, an increasing fraction

of the atoms or atom groups composing the substance become ordered in a

lattice system, thus forming crystalline micelles (which do not have to be

individually bounded by the same crystal planes), the size and the shape of

Concerning the foundations of the lattice **Die Verwendung der Rontgenstrahlea in

theory, cf. p. 151 of the text by J. Eggert Chemie und Technik,” J. A. Barth, Leipzig,

mentioned above on p. 413; further, P. P. 1926; and R. Glokker, “Materxalprafwf
Ewald, ‘‘Krxstalle und Rontgeastrahlen,** Jul- znit Rdntgenstrahlen," Julius Springer,
ins Springer, Berlin, 1929; also H. Mark, 1927.
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u-liich can be deduced from the width of the interference spots. The fmida-
mental calculation of this nature (already presented by Hauser and Mark),
supplemented by the new quantitative data, is repeated in the following form :

"Within an accuracy of about 100 per cent, it is possible to state that the length of tlie

ittice elemOTt in the direction of the fibers and thus also the average length of t!ie

crvstsllites, is 300 to 600 A, and the thickness and width of this lattice element about 100
»r200 A. Thus there is sufficient volume in each crystallite for about 10 000 to'20 0rjfj

-it cells, or 80,000 to 150,000 isoprene groups. From the fact that thin, greatlv stretched

Lillis of rubber become oriented in a foil-like manner, as described above, it is 'reasonable

tf. conclude that the micelle has the form of a long, flat box. From the intensity of
the interference spots, it may. be concluded that by all means the larger part, at least 8b

per cent, of rubber in the stretched state is ordered in a lattice structure. From this \v*c

are justified in considering that part of the rubber which is capable of crystallization as

the major part of rubber, and in using the x-ray in ascertaining its constitution,”

Thus it follows from the axial length of the unit cell that it has a volume of

830 ± 30 X 10’^^ cc., and (tinder certain assumptions regarding the true

riensity of the crystalline part, which may be given the value 1) a mass of the

same quantity in grams, corresponding to the mass of 8 isoprene groups. It

may thus be concluded that 8 isoprene groups enter into the structure of one
unit cell of rubber,^®^

In their studies on the chemistry of cellulose, Meyer and Alark developed

the concept of the ''principal valence chain.” Staudinger developed the

concept of rubber as a "eucolloid,” and emphasized the fact that this concept

agrees with the physical behavior of rubber.^®^ If these concepts are jointly

applied to rubber, then we may imagine that there exist in the rulher inicelie,

principal valence chains of isoprene groups which unite in the form of helices

whose axes are in the direction of the fiber axis. Indeed it must be assume*!,

if in agreement with Staudinger ’s conclusion, one rejects the idea of a

’‘chemical” molecule consisting of perhaps only 2 or 4 isoprene groans, that

these principal valences reach out beyond the unit cell and link together the

entire box-shaped micelle. The constitution of the principal valence chain,

as proposed by Meyer and Mark, is as follows

:

CHa

— CH,— C = CH— CH-—
Consideration must be given to the further assumption that these chains

stretch in the direction of elongation (c-axis), and that they unwind in the

direction of the helical axis. From the length of the chain, (300-600 A, in-

dictating a series of 75 to 150 isoprene groups) the minimum size of the

"structural molecule” can be determined. A comparison of these calculations

with determinations by R. Pummerer is given on p. 489, to clarify the existing

differences.

*It should not be forgotten, however,^ that
when the numerical value of the density of
stretched rubber is put into these calculations,
values have been taken which deserve further
experimental verification. Moreover, as with
almost all previously determined quantitative
constants of rubber, these values must also
be redetermined, if in following” the method
of purification devised by Pummerer, well-
defined rubber preparations become more ac-
CMsihle. It must further be remembered, as
laraitioned in the introduction to this treatise,

no pure preparations, but only technical

specimens, have been available for x-ray dia-

crram<5 to d?+e-
i.V.-.r-w., 126, 425 (1927); Bet., 59,

.''i') (192.;).
165 Rc—'a-k ir. discussion: Z. Elekfrochem., 31,

-OS (“')?? '. See also the work of this author
regarding t-’v theory of the principal valence
chair., in Pirr, 61, 2428 (1928), where refer-

ence is made to his ideas on this matter in the

year 1920.
iw No space will be given in this section to the

question of the real chemical structure of rub-

ber, which is treated exhaustively by R. Pum-
merer in another section of this text.
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Tn Staudingers opinion, the real size of the chemical molecule of rubber

is ereater than the size calculated by Meyer and Mark, which is otherwise

11 accented At the time of publication, the disagreement over this question

still active so that a final opinion did not then appear possible, and only

3 reteie»c= .0 pertinem literature can be given. The mvestiption by Sta.d-

M-er and his collaborators of other compounds of high molecular weight is

of" great importance (insofar as these [polyoxymethylene etc. can be con-

sidered as models of the rubber structure) because of the advantage of a

well-known chemical structure.

OCAtoni Radical

Three-dimensional and schematic representation o£ the unit cell ot stretched rubber.

(According to K. H. Meyer and H. Mark.)

The conclusions reached by hleyer and Mark are illustrated in Figures 94

and 95 The second, a schematic figure, shows clearly the hypothesis which

is derived from these figures, that neighboring principal valence chains are

oriented in the unit cell at various angles with the a-axis.
• ^ t

The co-existence of the transformation in rubber from the isotropic to the

anisotropic form and of the reverse transformation, which had always beer,

evident was made visuallv apparent by the observation of the processes o.

TxtSn and relaxation, as well as by observation o the x-ray screen. It

must be assumed that the principal valence chains,

stretched rubber, and which indicate the existence of a definite pre tormec

Sructure are transformed on relaxation into a condition of almost com-

oletelv heterogeneous orientation, without entirely losing their micellar iden

S Lwever^ Thl view is supported by

furiht substantiated by the phenomenon of
bJ L

was required by the rnodel of the
pf

Hock.^®® In this model were described the pre-existence oi e g j

_ . ofvoi

*:ir. Stv.rlir.cer. 5rr., 57, 1206 (1924); see

"U-j-.-ici'. note, Gumrm-Ztg., 43, 75y

^1^-, the recent publications ot

V,; arc collaborators: 3er., 61, 242/

/VotTV-'si, 2575 (192S); 62, 241 (1929);

273"(1929): 62, 442 0929) : Hefo-

Acta. 11 . 1047 (1929); Ann., A67, 73 0928),

468. 1 (1929), Z. angew. Chem., 42, 37, 0 /

(1929); Z. Krist., 70, 193 (1929). T^iere

must also be mentioned the researches ot J. K.

Katz, made in an effort to determine the rela-

tion between x-ray structure and cheimcal con-

stitution, C.&., those reported in

Chem., 125, 321 ( 1927); Kautschuk, 3, 215

Ciitnmi-Ztg.,
.1. 53 (1

d rt

Krii

.erence to metastyrene,

mtschuk, 3, 106 (192^
Whitby, McNally and Cj_-

interested in other elastic

can be viewed in the same ’ -

a s., the volymars ai ™yl acet ^
7^^3 fis/s). to

on swelling and solution of rubber, ttiese

jects will again be considered,
^ Kolloid-Z„ 35, 42 (1924).

inemoraei,

iso G. S.

re become

s.” whicb

rul^r.
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like
molecules/^^ and their alignment into parallelism on ex-

tdision o£ the rubljer, as well as their simultaneous dense lateral packing, and

the increase of the van der Waal (micellar) forces, which tended to fix the

iiber structure. _

The quantitative pursuit and more exact development of certain phases of

these hypotheses have confirmed this basic concept in most essentials. The
above-described thermal experiments, which show the van der WaaFs forces

to be in direct relationship to the observed thermal effects on extension, fur-

ther corroborate the above concept.
'

Elasticity and Chemical Configuration. In the light of the success of

the exact x-ray spectroscopy, there still remains the question regarding the in-

terrelation of chemical constitution and elastic properties. The conviction has

already been expressed in an article by L. Hock and P. Siedler^*® that a

working hypothesis should include the following assumptions, namely : that

the source of elasticity must be sought within the ''macromolecule'’
( ne., the

micelle, or chain of molecules), and that the source of the elai^ticity of rubber

must be found in the nature of its chemical constitution. In a more concrete

manner, J. R. Katz has expressed the thought that the rubber molecule

may roll itself into a spiral form. With this concept, it is easy to understand

the extensibility of the molecules. Concepts similar to these, but much more
firmly based on structural analysis, were brought out by Meyer and Mark ^

with the conclusion that the principal valence chains of rubber “possess a

definite tendency to bend and to coil up in a special manner.” Langmuir
also found occasion to assume the same kind of curvature of the extended

molecules, as for those of certain fatty acids.

Further Theories of the Gough-Joule Effect. In returning to the

k'Uiib-Jotilc effect, it is necessary to study the attempts of other authors to

explain the effects, although these disagree in part with the ideas which have
already been given. These ideas must also be compared with the observed

facts.

Swelling Theory of Hauser and Mark. Hauser and Alark them-
selves based the following point of view on the fact that rubber is a two-

phase system : the molecular aggregates in unstretched rubber (already fre-

quently mentioned) exist in a swelled state, wherein the less associated phase

is the swelling agent for the more actively associated phase, which latter may
even become crystallized. In this state, the particles possess an extraordi-

narily large amplitude of heat motion, so that the intensity of the interference

dots in x-ray observation is largely destroyed, exactly as would be the case

under the influence of higher temperatures, and thus sharp interference

patterns are practically impossible. Under unidirectional tension, during

which alone the existence of interferences can be observed, a partial decrease

of swelling of primary particles takes place, their internal order becomes more
definite, and with this, the intensity of the interference pattern is increased.

Their position is independent of the state of swelling. This concept does not.

however, appear entirely acceptable, and has been rejected by both ^1. Riilie-

* Compare also L. Hock, Z. Elektrochem., 31 ,

406 (1925) and also Gummi-Ztg., 39, 1741
(1925).

^Kciitschuh^ 1, 10 (Oct. 1925).
Liritiililished article on the material presented
at the principal meeting of the Kolloidgesell-
schaft, Nurnberg, (1925). Also, see J. R.
Katz, “Ergebnisse exakt. Naturwiss,,’* Vol.

P* 175, Julius Springer, Berlin, 1925 .

'-Bfr., 61 , 1944 (1928).

* Translator’s Note. The molecular structure

shown in Figures 94 and 95 has been further

discussed by Hauser [Ind. Eng. Chem.^ 21,
249-51 (1929)], who assumed that rubber con-

sists of long, helical, parallel chains which
unwind during stretching.—N. J.

Cf. p. 244 of Eggert’s text; see also footnote

71, p. 413 of this text.

Kolloidchem. Beihefte, 22, 63 (1926).
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iiianii and F. Simon.^ This idea is also difficult to harmonize with the great
rapidity of crystallization.^'^^ Obviously this concept is no longer represented
ill the work of Meyer and Mark.

All ingenious and careful study of the exact time required for the fiber structure
form in rubber has been made by W. E. Singer, J. D, Long, and W. P. Davey* [Pare-
read before the Chicago Meeting of the American Physical Society, June 24 1933-
also hid. Eng. Chem., 24, 54 (1932) ; Rubber Chem. Tech,, 5, 30 (1932)], Their deter-
minations were made by means of a long series of very short x-ray exposures, take^'

intermittently during a repeated elongation and retraction cycle, but always at a definite

time in that cycle. It was then possible to find the earliest time in the cycle at which
••fibering’' occurred. The authors state that “rubber rnust be of such a nature and siich

a structure as to account for the following characteristics : 1. A more or less critical

temperature limit for the time lag of fibering. 2. A time lag of fibering unaffectei' bv
stretching the rubber above this critical temperature and then cooling rapidly. 3. A
higher percentage stretch required to develop the fibrous structure after mechanical
working and aging. 4. A relaxation time of less than 0.5 second. 5. A time lag of fiber-

iiig independent of the length of time the rubber is held stretched, at least between 2

and 5 seconds. 6. A shorter time lag of fibering with a slow rate of stretching. 7. The
enormous extensibility of rubber. All this mass of data is consistent with the picture

that rubber consists of a tangle of spiral (or zigzag) shaped molecules whose ends are

rather firmly anchored, but whose lengths can be temporarily untangled by the applica-

tion of an external force,”

Klein and Stamberger/^^ state that on extension, there is formed an or-

dered framework or network, whose elements are represented even in un-

stretched rubber. It is, however, necessary to add that depending on the

spacing of this network (itself dependent on the extension), a variety of inter-

ference states would be expected. This is in contradiction to the observed

facts.

X-Ray Diagram of Rubber. The x-ray diagram of rubber is independ-

ent of the source of the rubber. Worthy of note in this connection is the

discovery of Hauser,^*® that experiments which were made on nearly 20 dif-

ferent kinds of rubber (different in respect to the country in which grown,

the botanical family and genus of the plant, and thus of course, different in tlie

form and size of the latex particles) have given x-ray diagrams which in

respect to both their lattice spacing and their intensity distribution were in

Z, phys. Chem., A138, 1 (1928). Cf, p. 441
o£ this text.

Meyer and Mark assume that in rubber
subjected to 1000 per cent extension, there
is at least SO per cent “crystallized’* sub-
stance, and it can be supposed that on greater
extension the amount of this phase would still

further increase.^ There will then not be much
surplus of swelling agent when the rubber is

again relaxed. Compare also the statement on
p. 432 of this text concerning the refusal of
very greatly stretched rubber to swell in
benzene.

* Translator’s note by X. J.
KMd-Z., 35, 362 (1924). Cf. also p. 481 of
this text. It must not be forgotten that the
“forced crystallization” of rubber is a concept
of an oln-iously specidc nature, which can be
likened to the “swarm concept” (Schwarm-
Mldung) of crystalline liquids. A true crystal-
lization from a state of complete chaos can not
be proposed. The ever present micellar asso-
ciations with their anisotropic principal val-
ence chains represent a kind of chaotic crypto-
crystallite (if one is permitted to suggest so
contradictory a picture) which changes over
into the well defined crystal modification on
stretching. From this viewpoint, a kind of
ptjlyinorphoiis transformation is not even to

be considered, and the heat of extension cor-

responds to a heat of transformation, [if
also Hock, Z, Elektrochem., 31, 406 (1925)].

On relaxation, the rubber succeeds in at-

taining a state of
^
isotropy, w’hich, however,

because of the existence of a very niarked

stability of form, is not equivalent to the com-

plete mutual independence in which the raule-

cules exist in relation to each other in a true

molten condition. (See p. 444.) The propor-

tionately low values of the relaxation heats ur

“heats of fusion” of rubber (of the order of

magnitude of 10 cal./gram) also appear

indicate that with its “melting” no interfer-

ence occurs with the association of the niiile-

cules in any way comparable to that whic';!

occurs with other orr-.-ric cnm-v.-’r 2-.

Conversely, thi.s i;.- k;-:.,; of the

rubber micelles, da' -aaijility ot

form, becomes the more remarkable became

the formation of the fiber structure jnijstj»e

carried out against the strongly^ opposing elas-

tic forces of the form of the isotropic state.

The stability of this structure would Ik itn-

possible, as soon as “the potential energy at

the stretched rubber was able to overcome tk

shear resistance of cohesive forces betwe^ tse

particles placed in parallel order.” [L. Hoc%

Kolloid-Z,, 35, 42 (1924)].
Naturzmssenschaften, 15, 100 (1927).



MOLECULAR STRUCTURE THEORIES 457

cnmplete agreement with the results already obtained for plantation rubber.i^s

cince these kinds of rubber exhibit great differences in their physical and
technological behavior, the only conclusion that can be drawn from' these ob-
ien-ations is that the existence of the interferences is largely independent cU'

file mechanical properties of the rubber, and therefore is very closely con-

nected with the inner structure of the molecular aggregate of the h>-(iro-

carbon itself. With this, the original thesis of Hock receives again a strong
confirmation, in that this shows the seat of the phenomena connected with

the anisotropy of rubber to be of molecular rather than of microscopic di-

iiieiisions.

w. Ostwald’s Theory of Accidental Formation of a Space Lattice.

W. Ostwald considers the accidental formation of a space lattice as the source

of the -X-ray interference pattern. Ostwald, after the manner of O. Biitschlis

and W. B. Hardy ascribes to the gelatinous contents of the latex cell a regular

net-like structure, and assumes that in unstretched rubber the meshes of sucli

a net are too large to give x-ray interferences. If, however, the latex par-

tides are deformed into tubular bodies by the extension (see Fig. 96), then

Figure 96—General character of the acciden-

tal crystal lattice formation.

(According to Wolfgang Ostwald.)

m Original net-like structure of the latex

particle

;

n.andc. The partial and final deformations
of this structure to an ‘‘X-ray density of
packing.”

'I

the lattice spaces are thereby shrunk to such dimensions that they are capable
fif causing x-ray interferences. This theory originates also, as is well known,
from the histological structure of the latex cells. Here again the conclusion
is necessary, that the shape of the latex cell which has changed into a ‘‘crystal-

line body” must be dependent on the degree of extension existing for the

time being, as this affects directly the dimensions of the micelle. This con-
clusion, however, is not consistent with the fixed position of the x-ray inter-

ferences. We are in need, then, of the additional assumption that with the

beginning of “x-ray density of packing,” a rigidity of the lattice elements also

appears.^®®

On disturbance of the cellular structure, the effects mentioned must dis-

appear. Nevertheless, Ostwald has considered it quite probable, that in a
piece of rubber in which there has been complete breakdown of a cellular

structure of the type he has described, such a structure would be regenerated

'*It is, however, not stated with what degree
of exactness this agreement was determined,
so that small differences in the x-ray dia-
grams, such_ as those which could exist be-
eznse of slight chemical impurity, are not
denied.

“Insofar as with Ostwald, one accepts the
dehatable theory that the micelles are iden-
tical with the molecules or molecular aggre-
gate, in just so far does one succeed in pic-
tanng the crystallites as of uniform size. If,
wwever, this particular viewpoint is con-
trasted with that other special concept of the
as$eTOblage of the principal valence chains, as
described by Meyer and Mark, then the quan-

titative relations produced hy these authors
are favorable to an obvious interpretation o£

the x-ray effect as crystal interferences. Be-
sides, with Ostwald’s theory, one misses the
connection between the directional effect anil

both the change in density and the heat ef-

fect. The latter are left entirely out of con-
sideration, inasmuch as the directional effect

should not be conceived as a heat of com-
pression, yet, as we have already proved, can-

not identified with the energy considera-

tions of the stretch, (Compare p. 435 of this

text.) We cannot do otherwise than require
of Idle theory that the anisotropy, change in

density, and heat effect must l>e considered in

causal relationship.
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by further deformation of the rubber. It is his opinion that even in an arti-

ficial rubber (which appears histologically free from all cell structure), de-
formation of the micellar network of the rubber could develop an “x-rav
density” of the meshes of the network, which would give rise to at least a
rudimentary x-ray pattern as observed in stretched natural rubber.^®^

X-Ray Survey of Vulcanizates and of Synthetic Rubbers. Finally it

must be stated that in vulcanizates also, x-ray interference patterns have been
observed, as was described in the first publications of J. R. Katz.^s-

These patterns are less marked than in raw rubber, but here also every-

thing depends on the state of aggregation of the sample at hand. As long 'as

there are reinforcing pigments or fillers in the compound, such as magnestiini

carbonate, whose particles themselves possess marked directional properties

one can determine to what extent they align their own long axis with the

grain of the rubber ( see p. 399).

Of importance also is the answer to the question of whether or not the

anisotropy of stretched raw rubber remains the same in spite of vulcanization

or chemical additions ; i.e,, whether there exists the possibility of topocliemi-

cal reactions such as are observed in the case of cellulose. Related experi-

ments carried out by H. Mark, G. von Susich and Hopff have shown no
results. The rubber derivatives produced (after addition of hydrogen, bro-

mine, chlorine, iodine, halogen hydrides, and nitric oxide), after this treatment

showed no x-ray pattern as did stretched raw rubber, but behaved like amor-

phous substances.^^^*

A very interesting recent observation of a well defined x-ray diffraction pattern for

the synthetic material ju-polychioroprene, formed by^ spontaneous polymerization of

chloroprene, has been made by W. H. Carothers, I. Williams, A. M. Collins, and J. E.

Kirbyf [/. Aw. Chcm. Soc., 53 , 4203 (1931) ; Rubber Che?n. Tech., 5 , 7 (1932)]. Tiiey

found the usual amorphous ring diagram for the unstretched polymer, indicating a spac-

ing of 4.86 A. At 500 per cent elongation, however, there appears a fully developed fiber

diagram, indicating an identity period of 4.8 A., which is identical with that found ir.

.i^-gutta-percha.

Another chloroprene polymer, a?-poIychloroprene, of a granular or globular nature,

exhibits only an amorphous ring pattern. The x-ray patterns for an a-polymer, a A
polymer, and a balata-like polymer are not discussed.

Confirmation of the above determinations has been rendered by P. Garbsch and G. vi r

Susich [Kautschuk, 8 , 122 (1932) ; Rubber Chem. Tech., 6, 113 (1933)] who found

4.8 ± 0.1 A. for the identity period of the unstretched polymer, and at 600 per cent

elongation, 4.81 ± 0.03 A., c'^rr.pa-tr.g with 4.87 A. for ^-gutta-percha. These authors

conclude that this polymeric pn-: iwh.avts just like amorphous natural rubber, in that

its x-ray diagram departs from the amorphous pattern in the same way, and at about

the same degree of clor.gattor..

X-ray structural diagrams have been taken on a bromoprene polymer, showing a

crystalline nature, but n^^ quantitative data are presented [W. H. Carothers, J. E. Kirby,

and A. M. Collins, /. Arr. Cher.:. Soc., 55 , 789 (1933) ; Rubber Chem. Tech., 6
,
317

(1933)1.

The repeated production of the micellar struc-
ture could also be explained from the stand-
point of the nsrerretc^-tien theory, just as are
the “dead n-.i'.linc:" i/'Todwalzen’O and the
“recovery*^ r.t miner. Compare also Meyer
and Mark, P-'r., 61, P'545 (1928).
Chem.-Ztg., 49, .'5J (1925), and also, Katz
and Ring, Z. anf^ezv. Chem., 3S, 439, 545
(1925), as well as J. R. Katz, “Ergebnisse
exakt. Naturwiss.,” VoL 4, p. 154, Julius
Springer, Berlin, 1925,
ATo/W-Z., 46, 19 (1928).
After the manner of the concept developed on

p. 433, the neighboring valences (fields of
force) are removed, and thus there results a
weakening of the micellar forces. This is

brought about by virtue of the saturation

the double bonds of the rubber by the_ sub-

stances added. As a consequence of this ac-

tion, the existence of the van der ^Waal forces

between the directed aggregates is no longer

possible. The anisotropic structure must there-

fore break down.
* Translator’s Note. B. L. Johnson and Frank

K. Cameron Und. Eng. Chem., 25, 1151

(193.3)] have applied x-ray analysis to a sttinj

of the mechanism of rubber aging,^ They find

asjjects of this work.)—N. J.

t Translator’s note by N. J.
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At the request of the author, Messrs.
J. Eggert and Luft have very

„l,ligingly repeated the same expenments with sulfur monochlnride in the

-aseous state, and also found negative results.'*®"

Recently F. Kirchhof also published on the topochemical reactions of

racked rubber, wherein, after compounding with the halogens and halogen
hydrides, the x-ray pattern was again caused to disappear, whereas on care-

iii!
e.xamination the fiber structure apparently remained unchanged. On the

r.tlier hand, sulfocyclo-rubber gave a distinct pattern diagram, after intensi-

fication of the points. At the same time an increase of density was proved.

Of especial interest is the question of whether synthetic (or more correctly,

artificial) rubber is also capable of producing x-ray interference patterns.

Hock and Siedler i®® expected x-ray interference in symthetic rubber, because

the anisotropy they had observed in this case appeared quite similar to that

ii!).^erved in natural rubber, although the property was not evident to the same
degree,

Katz obtained the first negative results with synthetic rubber which led

to the conclusion that a positive, fundamental difference exists between
natural and synthetic rubber. Although it is recognized that there are great

differences between synthetic, and natural rubber, both in their physical prop-

erties and in their chemical constitution (the latter clearly shown by experi-

ments of Fromandi, recently carried out at the suggestion of the author)
,
yet

tlieir common tendency to show a Gough-Joule effect betrays a rather obvious

structural similarity. Hock explained the failure to obtain interference

patterns by the fact that the heat motion of the particles at room temperature,

in the case of the synthetic rubber, so diminished the intensity of the inter-

ference spots—this had been earlier established on general theoretical grounds
by Debye —that no fiber diagram was obtained. He then planned to do the

same work at lower temperature.

While these experiments were under way, in contradiction to his earlier

publication, J. R. Katz was able to show that he had obtained interference

patterns in very greatly stretched synthetic rubber.

On the other hand, L. Hock and W. Barth have succeeded in detecting

interference patterns, in stretched synthetic rubber, which were definite but

not very sharp. This work was performed in a chamber designed for low
temperature work by F’. Simon and Cl. von Simson.^^^ The rubber was a

methyl rubber W of glass-like transparency. The effect was first obtained

only in the cold (— 60° C.), but remained at room temperature. The exten-

sions to which the rubber was subjected were from 400 per cent to 1500 per

cent.

It was necessary to make the extensions in the cold, as the anisotropy which
should occur on extension at room temperatures was apparently lost by in-

Scientific Laboratories of the “Agfa” Film-
fabrik, Wolfen.
Dr. R. Weil (Continental Caoutchouc- und
Guttapercha-Compagnie, Hanover) some time
ago was_ so obliging as to send the author a
preparation which consisted of a thin sheet of
rubber having a very strong calender grain
(compare p. 424) and which had been placed
in the curing bath directly after calendering.
With this treatment, the sample had shrunk
together to a shape that obviously showed the
existence of a substantial fiber structure. How-
wer, an x-ray examination by Dr, Luft here
again showed a negative result. Thus, even

spite of the obvious shrinkage, the inner
isotropy had persisted.

IS- Kautschuk, S. 9 (1929).
^ssHock and Siedler, Kautschuk, 2, 88 ( 1926 ).

L. Hock and G. Fromandi \^Ka:Ltschi.k, 5,

81 (1929)] have expressly called arter.tior. to

the significance of the chemico-structural dis-

similarity between natural and artificial rubber
from the standpoint of their colloid-chemical

behavior. For latef^ work and literature ref-

erences, see pp. 433 and 491 of this book.
IS®

J. R. Katz, Kolloidchem. Beihefte, Anibronn
Festschrift, 23, 344 (1926).
Kautschuk, 3 , 126 (1929).

Phys„ 43, 49 (1914).
51 , 53 (1927).

pkysik, Chem., 134, 271 (1928).
Naturzvissenschaften, 14, SSO (1926); Z,

Physik, 21 , 168 (1924); 25, 160 (1924).
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ternal slippage in the test piece. The careful studies of E. A. Hauser on the

effects of rate of extension and temperature on the appearance and form of

the anisotropy of natural rubber, had already been given careful consideration,

even before these experiments. Thus, even during^the stretching of the rub-

ber test pieces in the chamber (in order to avoid the inner reversion tc

isotropy in spite of the externally maintained deformation), it became neces-

sary to cool the strips with carbon dioxide snow. It was shown here also that

synthetic rubber is far more similar to the liquid from which it was prepared
than is natural rubber, as could have been concluded from the discussion of

the Gough-Joule effect.

Voluntary Crystallization of Rubber, from the Viewpoint of Pummerer,
Koch, and Gross. The voluntary crystallization of natural rubber, which
has been discovered and described by Pummerer, Koch and Gross, is to be

well differentiated from these “crystallizations’" or fiber structures forced

by unilateral tension, etc., which are entirely revepible.^^^ In the preparation

of pure rubber, they obtained some small, spheroidal crystals about 0.6 to 0.7

mm. ill diameter, and proved the existence of a lattice structure, but obtained

only a few interference spots compared with those obtained from stretched

or frozen rubber. {See p. 447.) This is similar to one of the previously

mentioned, irregular crystallizations of rubber which has been discussed on

p. 168 of this book.^®®

The x-ray experiments on frozen rubber, w^hich have been performed by

J. R. Katz,^^"^ and E. A. Hauser and P. Rosbaud, show very decided Debye-

Scherrer rings which indicate the existence of a mass of crystals of random
orientation. These crystals and their orientation are voluntary. The ob-

served positions of points in these interference patterns show again a re-

markable agreement with those of the stretched rubber. {See also pp. 442

and 446.)

Various Physical Properties of Rubber

Preliminary Discussion

The special interest wdiich attaches to rubber from the standpoint of physics

or physical chemistry results from the unusual elastic and structural proper-

ties which it exhibits. Such other physical properties as it possesses in com-

mon with many other natural and artificial materials contribute only slightly

to this special interest in rubber. The technological value of rubber is also

Ijased primarily upon its unique mechanical and elastic behavior, which per-

mits it to be used in the electrical industry either where soft rubber is desired

or where hard rubber is the preferred form. In electrical work, consequently,

there are encountered compounds of various compositions, whose important

physical properties are of more practical interest to engineers than of scien-

tific interest to physicists. The figures previously presented in connection

with electrical properties of rubber are tiierefore to be considered more as

indications of the order of magnitude of the properties than of exact values

for well-defined constants. There always remains the possibility of de-

termining these constants with exactness in the case of pure rubber, how-

ever. The evaluation of the fundamental physical properties of the purest

438f 294 (1924). See also the con- (1925) that he had obtained crystallized sya-

tribution of Pummerer and Koch to this thetic rubber in 1901. See also Ckem. Zmtr.,

book, p. 168.
^

96, II, 692 (1925). .
.

Kondakoff remarked in this connection in “Ergebnisse exakt. Naturwiss.,*“' Vol. % f
Ca&utckmc & gutta-percha, 22, 12666-8 161, Julius Springer, Berlin, 1925.
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possible rubber is to be considered as a very important problem. It seems
^hat much work remains to be done along this line, although a bcginninc;

with respect to electrical data has been made by the United States Bureau

d Standards- The study of the chemical constitution of rubber by German
investigators has also provided opportunities for worth-while contri])utions

io the store of information regarding physical constants of pure rubber,

Jo this connection, careful determinations of heats of combustion, indices of
refraction, spectral absorption of pure rubber (in solution), etc., have been
nude. (See p. 494.)

Calorimetric Data

Specific Heat. An exact knowledge of the behavior of the s])edlic

heat of raw rubber and of synthetic rubber of different kinds and different

origins, may be obtained from the experiments of M. Ruhemann, and F.

Simon, as well as from those of M. LeBlanc and M. Kroger, which have al-

ready been discussed in another connection. In their determinations, the

latent heat effects coexist with transformation phenomena, and since these

r.re dependent on the kind, state and previous history of the sample, no well-

iefined value for the specific heat of rubber can be given. It is of the order

d magnitude of 0.4 cal./gram at room temperature. Even on different

^amples of the same kind of rubber, results are only fairly reproducible as

'hown earlier by Bostroem.^^^ (See also pp. 436 and 441.)

Heat of Fusion. We have also had occasion to consider in anotlier

connection the “heat of fusion’’ of rubber, both in the stretched, frozen state,

and in the normal frozen state. (See pp. 436 and 444, as well as p. 456, inot-

note 177.)

Heat of Combustion. The heat of combustion of rubber is 10,70U

cal. 'gram. For comparison, the figure determined for gutta-percha is 10,740

cal 'gram.^®^ Heats of combustion were measured by F. Kirchhof and O.
Matulka also. Clean, pale crepe gave 10,700 cal./gram. The rubber samples

treated with sulfuric acid by these authors, gave somewhat lower values,'*^

Heat of Vulcanization. In a series of papers by J. T. Blake and by C. R. Boggs
indj. T. Blakef [Ind, Eng, Client., 22, 737-55 (1930)] the thermochemistry oi vulcaniza-
‘.iin and various theories of vulcanization are discussed, and the work of others is re-

viewed. Weber [Weber, C. O., ^^Chemistry of India Rubber,” pp. 106, 114, Griitin,

London, 1912] deduced by calculation that the heat of vulcanization was negative, and
4fuld amount to an absorption of about 450 cal, per gram of rubber at 3.8 per cent com-
bed sulfur, Seidl [Gummi-Ztg., 25 , 710, 748 (1911)] tried to explain the accelerating
tneet of litharge thermochemically. He considered the sulfur-litharge thermochemicai
reactions as being exothermic, but did not consider the heat of reaction of rubber and
bfur. Williams and Beaver [Ind. Eng. Chew.., 15 , 255 (1923)] found experimental
widence of the exothermic reaction of rubber, zinc oxide, sulfur and various accelerators.

Lather inexact methods of calculation yielded values of heat of vulcanization of about

^Kolloidchem. Bcihefte, 26, 461 (1928).* Cf. E. Geiger “Uber die Konstitution der
Hocb-Pnlymeren,” Dissertation (No. 422),
iechnische Hochschule, Zurich, 31 (1926).
Some rubber derivatives were also investi-
gated. Polycyclic rubber, for example, gave
only 10,584 cal./gram; polycyclic gutta-percha
save 10,596 cal./gram; hydrogenated rubber
3.nd hydrogenated gutta-percha gave 10,717
«a!./gram and 10,741 cal./gram respec-
tively. These values are very close to
^^e determined for the pure substance itself,

determinations are from the Eidgenos-

sische Priifungsanstalt fur Brennstoffe, and
were made by Dr. Schlapfer.)

* Translator’s Note. Messenger [Trans. Inst.

Rubber Ind., S, 71 (1929)] has determined
the heats of combustion of purified rubber,
gutta-percha and balata in an attempt to deter-
mine if there were enough difference to throw-
light on the structural differences of these
materials. He reports insufficient difference
to allow any conclusions as to structure. His
accuracy was not high, individual measure-
ments of heat of combustion varying by as
much as 4 per cent.—N. J.

t Translator’s note by N, J.
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10 cal. pc^r gram of rubber at 10 per cent combined sulfur, in cases where total sulfur diV
not exceed 14 per cent, Kirchhof and Wagner [Giimmi-Ztg., 39 , 357, 372 (1925)] ex-
tended the work of Williams and Beaver to include other

_

mineral pigments than
oxide. Kirchhof [Gummi-Ztg., 39 , 892 (1925)] also studied the effect of various ac-
celerators on heat evolution. The thermal effects were found to be enhanced, in litharoc

stocks, by the presence of natural resins. Perks [/. Soc. Chem. hid,, 45 , 142T (1926ti
using a slight modification of the method of Williams and Beaver, studied the heat cr~

vulcanization of several rubber-sulfur mixtures from 0 to 32 per cent sulfur. He con-
cluded from temperature-time curves that the reaction was slightly exothermic in the
low combined sulfur range, and energetically exothermic in ihe ei)- or high com-
bined sulfur, range. Bostroem [RoFoidc/iei/i. Beihefte, 26

, 467 ^1928;] has measurei]
calorimetrically the heat of vulcanization of rubber with sulfur chloride in benzene solu-

tion, using a method developed by Hock [Kautschuk, Z, 2Q7 (1927)] for the measure-
ment of heats of wetting. Bostroem found the heat of vulcanization to be exothermic
the extent of 5,9 cal. per gram of rubber.

J. T. Blake (loc. cit.) took advantage of the law of Hess, or the First Law of Thermo-
dynamics, to simplify the experimental technique involved in measuring the heat of vul-

canization. Since the initial and final states completely define the thermal interchance

in the transition between these states, Blake determined^ heats of vulcanization simply by
measuring heats of combustion of the raw and vulcanized compounds. To correct t:i*e

heats measured to the heats at the vulcanization temperatures, specific heat calculations

were made. Williams and Beaver (loc. cit.), who tried this method in a preliminarv

way, found no appreciable difference between the heats of combustion of a mixture of

6.5 per cent sulfur with 93.5 per cent rubber, vulcanized to 0.7 and 5.6 per cent combined
sulfur respectively. They concluded that there was no appreciable heat of vulcanizaticr.

for this combined sulfur range. The heats of combustion reported by Williams and

Beaver appear to be seriously in error, as compared with accepted values, such as those

of Kirchhof and Matulka [Bcr,, 57B, 1266 (1924)] and many others, as mentioned

above. J. T. Blake reported as his own work by^ the heat of combustion method, that,

for pure rubber-sulfur mixes, the heat of vulcanization was substantially zero up to d

per cent combined sulfur, and then rose abruptly and nearly linearly to 442 cal. per gram
of rubber at 32 per cent combined sulfur, \\hth a pure gum stock of the following

composition: smoked sheets 600, zinc oxide 30, sulfur 60, diphenylguanidine 4.5, the

heat of vulcanization was found to be substantially zero up to 3.66 per cent combiner;

sulfur, and to rise abruptly from this value to 65 cal. per gram of rubber at 8.5 per

cent combined sulfur. No heat of vulcanization was found when ;»-dinitrobenzcne

selenium were used in place of sulfur. This work was carried out with smoked sheet.'

rather than with purified rubber. A good bibliography accompanies this publication o:

Blake's.

In a later research than that of Blake, K. Hada, K. Fukaya and T. Nakajiina [/. Rub-

ber Soc, Japan, 2 , 389-97 (1931) ; Rubber Chem. Tech., 4
,
507-13 (1931)] obtained

widely different results from those of Blake, They explain the difference by stating that

besides heat of vulcanization. Blake had also included the heats of reaction of resins and

proteins with sulfur, and the heat of combustion of some free sulfur. These authors used

the heat of combustion method, but used purified materials and applied more precise

corrections. Pure rubber was prepared by dissolution and precipitation, and the proteins

were removed by trichloracetic acid. Vulcanization was carried out very completely.

The vulcanized samples were extracted with, and kept in, acetone, which was distilled

off in vacuo before combustion. The experimental results show the heat of vulcanization

to be endothermic to the extent of 393 cal. per gram of sample at 0.75 per cent combined

sulfur, and to change linearly through zero at a little more than 4 per cent combined

sulfur, to a maxirntim exothermic value of nearly 700 cal. per gram of sample at abrj!

11 per cent combined sulfur. With higher combined sulfur, the heat of vulcanization

decreases linearly to a slightly endothermic value (40 cal. per gram of sample) at 25

per cent combined sulfur. This value apparently remains unchanged up to 30 per cent

combined sulfur.

These investigators claim a good degree of accuracy in their determinations, except for

two matters. First, the heat of combustion of their purified rubber was 10,495 cal per

gram, whereas the value found by Messenger (see p. 461, footnote), was 10,970 cal. per

gram for very pure rubber. Second, they did not determine the heat of combustion of

sulfur in their own apparatus, but used data as published. The internal temperature of

the samples during vulcanization varied in a manner to be expected from the final re-

sults, an observation significantly different from that which should be expected <xi the

basis of Blake’s data.
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In a study of the heat of reaction during vulcanization, Y. Tovabe [/. Rubber Sec
2 ,

251-4 Rubber Chem. Tech., 4, 514 (1931)] made several iniprnvc-

nients in technique, and discovered some interesting relations between the thermochemical
heliavior during vulcanization and the type of accelerator used. But since no description

given of the type of rubber used, and no calculations are made of the heat of vuicani-

iation, the discussion of the results of this work is confined to their bearing on acceler-

ators. .

*

;

Heat of Swelling. Hock undertook to measure the heat of swelling of

rubber, in collaboration with Bostroem and Hartner,2oo who have already

been mentioned in connection with determinations of the heat of stretch-

ing.-oi The heat of swelling of rubber is dependent on the nature of the

swelling agent and even more so on the age and previous history of the sample.

For this reason, it might be well to mention here that as a very sensitive test

for the course of molecular aggregation as it progresses with time in solid

rubber, the heat of swelling is also a good index, as are the changes in the me-
chanical properties. If one determines this heat of swelling on a freshly milled

sample of pale crepe, frictioned on to a fine wire cloth for the sake of obtain-

ing better thermal contact with the calorimetric liquid, one finds that in using

benzene for a swelling agent, a value of about — 0.1 cal. /gram is obtained;

that is, there is a cooling instead of a heating. If the same experiment is

carried out on the same material 9 months later, after storage of the sample

at room temperature, one finds a value of this quantity about 50 times as

large. The difference may be spoken of as the heat of aggregation, and can

k considered in relation to the ability to store elastic energy. This subject

will be mentioned again in connection with the discussion of pigmentation.

However, the swelled state of aged rubber is different from that of freshly

milled rubber. This resulted, particularly in the work of F. Hartner, in the

observation that on repeated swelling of aged rubber following intermediate

drying, the same large value of the heat of swelling is found at each deter-

mination. However, renewed milling causes disaggregation and a small value

of the heat of swelling is again observed.

By its very nature, the heat of swelling, so measured, is no simple phe-

numenon. This has been mentioned on p, 436. In the discussion of the

swelling process itself, we will return to the complex character of these

phenomena. (See p. 479.)
Heat Conductivity. Ira Williams made an extensive survey' of the

thermal conductivity of rubber, not only in the form of crude plantation

rubber, but also in the form of compounds. The thermal conductivity is

that quantity of heat which passes in unit time through a cross section of rub-

ber 1 cm. square when a thermal gradient of 1° C./cm, exists normal to this

section. For smoked sheets Williams found the value 0.00032. He deter-

mined also the thermal conductivities of such pigments as zinc oxide, sulfur,

carbon black, etc. (0.00082, 0.00166, 0.00067) and proved that for pigmented
compounds the thermal conductivity was the sum of the conductivities of the

component parts, considering these in their proper relative concentrations.-®^

Work on the thermal conductivity of vulcanized rubber comi^unds* is now f 1934) being
carried out in the laboratory of the translators by V. N. Morris. The method employed is

a modification of one of those used by Ira Williams at the same laboratory in 1922.
A thermocouple is inserted at the geometrical center of the sample of cured rubber, which
^Cf. the above-mentioned work of S. Bostroem

and especially the dissertation of Fr. Hartner,

Giessen, 1929, and also L. Hock, Z. Elektro-

34, 662 (1928).
* Cf. also p. 435 of this text.

202/wd. Eng, Chem., 15, 154-7 (1923); India
Rubber 65, 561 (1923).

203 Numerical examples from Williams* work
may be found, for example, in K. Clottlob,

**TkhnoIogie der Kautschukwaren,” p. 163,
Braunschweig, Fr. Viewer u. Sohn, 1925.

* Translator’s note by N. J.
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k iinmerseci in a bath of boiling water. From the original temperature of the samtfp
the surface tcrnrcrp.tr.rr. of the sample in the bath, and the temperature at the thermocoun'e
after a 'time c: immersion in the bath, it is possible to calculate the diffusivity aiid

hence the conductivity, the method of E. D. Williamson and L. H, Adams [Phys, Rei"
14, 99 (1919)] being used for the calculations.

*

C. K. Barnett* was kind enough to furnish the translators with a copy of his paper r-

‘^Thermal Properties of Rubber Compounds” previous to publication. [See hid. Enr
Chem., 26, 303 (1934).] This investigator has used a flat plate conductivity method in-

volving a central heater plate with guard ring and two rubber slabs conducting the hea*

to two outer metal plates at the lower temperature. Many well-planned precaution^

were taken, and the guard ring teclinique was developed to a high degree of accuracy

Some of the results were checked by an entirely different method, employing a spherici*

heater element imbedded in the center of a spherical sample. In all cases, many therm->

coupies were used to measure temperature uniformity over surfaces which the geometry
of the experiment dictated should be isothermal. The chief emphasis was placed cii

variations of zinc oxides differing in particle size and curing rate. As stated by Williams*

no difference was found between the thermal conductivities of cured and uncured rubbtr

compounds. The results in Table 10a indicated that the figures obtained by Barnett agree

in general with those of Williams. However, the figures for clay and magnesium car-

bonate are in reverse order to those of Williams, and those for antimony sulfide, sulfur

and talc disagree somewhat.

Table 10a.

—

Thermal Conductivity of Rubber Compounding Ingredients.
Thermal Conductivity

.. ,
cal.cm./cm.- °C.sec,

Ingredient Williams Barnett
Zinc Oxide, Fast Curing 00166 .00167

Iron Oxide 00132 .00132

Dixie Clay 00058 .00106

Lithopone 00094 .00092

Blanc Fixe 00078 .00078

Zinc Sulfide — .00109

Whiting 00084 .00084

Talc 00058 .00090

Asbestine — .00098

Magnesium Carbonate 00103 .00057

Antimony Sulfide 00021^ .00027^

Carbon Black (Slow curing) 00067 .00066

Carbon Black (Fast curing) — .00068

Lampblack — .00140

Graphite (Acheson) — .00217

Diphenylguanidine — .00034

Mercaptobenzothiazole — .00045

Sulfur 00012 .000298

Rubber 00032 .00032
a 12 per cent sulfur, b 0.9 per cent sulfur.

A. A. Somerville ascertained the relative thermal conductivities of a

few rubber compounds by a very simple method, by using a stack of slabs

laid together wdth thermocouples placed between them. Their area was 7 by

7 inches, and they were 0.1 inch in thickness. The lower face of the stack

was warmed by boiling water and the other w^as cooled with ice. After 3 or

4 hours, a steady state of thermal flow was reached, and the relative thermal

conductivities could be very simply calculated from the temperatures between

the slabs. The state of cure was without apparent influence on the thermal

conductivity, but various pigments caused changes in the values. Likewise,

in an investigation of many substances of low conductivity, Ezer Griffiths

and G. W. C. Kaye using this same technique with slabs of the various

materials, measured the conductivity of rubber and rubber compounds.
* Translator’s note by N. J.^ India Rubber J., 62, 94 (1921); Rubber Age

(N. y.), 9, 131 (1921).^ Prac. Roy. Soc. (London)^ A104, 71-98
(1923). See also Chem. Zentr.^ 95, I, 2802
(1924), Here reference is ifiven to an experi-

ment of F. A- Giacomini which proy^ tfa

P. Debye theory of thermal conductivity is

crystals. The same investigator made measure-

ments in ebonite, Ber. deut. physik. Gis., 20,

94-96 (1918).
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The thermal conductivity of stretched rubber has not yet been deteniiincd,

iiiit
interesting’ information would be expected from such work because of the

anisotropy of the substance. The author would like to reserve for himself

the performance of these experiments for which preparations have already
lieen made.

Optical Data

Indices of refraction have been determined by G. S. Whitby and also

]iy Staudinger and his collaborators. The value Hq= 1.5222 was obtained by
Geiger.-'*' For a density d\^ = 0.920, the molecular refraction, calculated

Mil the basis oFthe isoprene molecule, becomes
n‘~l M
TFTS ‘ T = 22.57

With the assumption of a double structure of the isoprene group, this agrees
excellently with the theoretical value of = 22.62.

Dj F. Twiss extended his work in this same field to gutta-percha, and
found with = 1.525, a value of Md almost the same for gutta-percha as

fur riiljber.f

Optical properties of the recently developed synthetic material chicrcprc-ne and its

p.lymers have been measured by W. H. Carothers, I. Williams, A. M. Ccilins and J. E
Kirby* [J. Am. Chem.Soc., 53 , 4203 (1931) ; Rubber Chem. Tech., S, 7 (1932)]. They
find for chloroprene, d5o — ,9583 and no — 1.4583 and Md ~ 25.26 which agree well with
calculated values for a formula C4H5CI.
For the spontaneous polymerization product iu-polychloroprene, they find d?u= 1.23 and wV;

= 1.5512. For the a-polymer, very similar figures are obtained. Both these polymers are

useful as synthetic rubber, whereas other polymers, such as the .*3- and w-forms and a
balata-like form, have not been found so useful.

Further optical data on synthetic rubber-like products similar to tiie above-mentioned
;h!jr<iprene products are given by W. H. Carothers and D, D. Coffman [/. Am, Chem.
' 54

,
4071 (1932) ; Rubber Chem. Tech., 6 , 115 (1933)] and by W. H. Carothers,

G. J. Berchet, and A. M, Collins [/. Am. Chem. Soc., 54 , 4066 (1932) ;
Rubber Chem,

Tcch.,G, 121 (1933)].
The optical properties of an ether-soluble rubber hydrocarbon have been measured by

C. P. Saylor [W. H. Smith, C. P. Saylor, and H. J. Wing, Bur. Standards J. Researci:,

ID, 479 (1933) ;
Bur. Standards Research Paper No. 544; Rubber Chem. Tech.. 6, 351

i'1933)]. His crystalline spherulites were about 0.05 mm. in diameter, and the individual

needles composing these spherulites were about 20 microns by 1 or 2 microns in size.

By the method of immersion in an aqueous solution of potassium mercuric iodide, the
refractive indices e and w were determined at -5° C. The crystals were found to have
negative elongation, as indicated by these indices

:

e = 1.535 dz 0.003

w = 1.583 ± 0.003

In the melted state, at 11° C., the refractive index was found to be 1.525, which agrees

•“Tranjr. Roy. Soc. Can., IS, III, 191 (1924).
Concerning the concept and the theoretical
calculation of the molecular refraction, which
is here calculated on the molecular weight of
isoprene, since the molecular weight of rub-
ber is unknown, see p. 489 of this text, and
p. 148 of the textbook by J. Eggert. The
molecular refraction experimentally observed
agrees very satisfactorily with that calculated
on the aasuniptioii of a double bond in each
isoprene group. (See also the following foot-
note.)

the above-mentioned Di.ssertation, p. 27.
“^ber, see Kirchhof and Matulka, Ber., 57,
Woo (1924) ; these authors found the density,

.to be 0.920. Macallam and Whitby
teamed the following data: df^ == 0.9237,

= 1.5219, and from these figures, =
22.46. In the cases of hydrogenated plan-

tation rubber and hydrogenated gutta-percha.

Geiger determined that the (lt'r.--i:y_^ au.i ::.e

refractive index (loc. cit., p. 50) were
smaller, and the molecular retraction was thus
increased to 32.90 and 32.89 respectively.

(The theoretical value is 32.95.)
Nature, 113, 822 (1924).

t Translator’s Note. A sample^of synthetic iso-

prene carefully preparetl l«y U. j. Waterman
and H. A. van We-.ten IZ-'i’c. trav. chim., 48,

1084-6 (1929): Chem. Abstracts. 24, 824

(1930)1 shows the following optical prnp^erties:

n^== 1.4194 and molecular refr.'ictitrn .1/.

25.29.—N. J.
* Translator’s note by N. J.
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well with ^fcPherson’s [A. T. McPherson, Bur. Stamhirds J. Research, 8, 757 '

value of 1.5236 at 11° C, for the whole rubber hydrocarbon. The meltiiV*- nobit
’

needle spherulites is consistently between 9.5° C. and 11° C.
^ ^

The optical properties of some of the fractions of destructive distillation of r
rubber have been measured by T. Midgley, Jr., A. L. Henne, and A. F. Shenard tTj''
Chem. Soc., 54, 381 (1932); Rubber Chem. Tech., 5, 1 (1932)]. Both saturated ^ o'

imsaturated distillation products were examined. The refractive indices vanVd= 1.4023 to 1.4709.
^ ^

^ trom m
The double refraction which occurs in rubber on stretching, has alreadv

been considered in connection with the Gough-Joule effect. With this double
refraction, there occurs simultaneously a change in the dielectric streno-tli

in the principal directions of stress.
'

Along with the older work of Bjerken on this matter, reference must be
made especially to a series of further investigations of P. Rossi, which
however, are essentially limited to the proof of a single discovery.’ Detailed
descriptions of experiments to give an insight into the distribution of the
tension within the elastically deformed rubber are de.scribed by O. Lehmann
in which both tension and compression are used.-^^ Alore recently, similar
investigations have been taken up again, occasioned by the study of lamellar
packing of rubber {see p. 399). This work has been done by M. Kroo-er.-^-

The original articles give a wealth of information about the phenomena ob-
served in the various experimental conditions. The results of Krdger’s work
can be summarized as follows : The lengthwise stretching produced a biaxial,

positive, and lamellar deformation, and a weak, biaxial, negative double re-

fraction. On storage of the rubber, also, a double refraction appears.
Inasmuch as the appearance of double refraction is a general result of

mechanical stress, and is not specifically related to rubber, those investigations
which attempt to measure the quantitative relation between the degree of
doulile refraction and the degree of stretch, and also its relation to the Goui^h-
Joule eftect, deserve special interest. A beginning is made in this direction ii:

a very recent investigation by W. C. van Geel and 1. G. Eymers.-^^ For
small extensions up to a stretch of about 70 per cent at which' the first inter-

ference patterns become noticeable, and the heat of stretching begins to k
measurable, these authors found a functional relationship between tf.t

amount of the double refraction and the prevailing elongation. Beyond tlli^

boundary there begins a region in which the double refraction is proportional
to the tension. Unfortunately, however, this relation does not hold in the

region of higher tensions, in which characteristic changes occur in the struc-

ture of the rubber. However, investigation in this region has been initiateii

in the meantime, at the suggestion of H. Zocher.^i^ The results of this work
may be said to be in agreement with the previously discussed concepts of the

structure of stretched rubber.*

Absorption of Light Exact determinations of the absorption of light

Cimento, (5), 20, 226, 268 (1910). Rend,
di Xapoli, (3), 16, 125, 142 (1910). N.
Cimento, (6), 2, 151 (1911). Beihl. Ann.
Physik, 3S, 206, 364 (1911) and 36, 67
(1912) as well as Fartschr. Physik, 2, 394
(1910).
“Molecularphysik,” Vol. 1, p, 51, Wilhelm
Engleraann, Leipzig, 1S8S.
In this connection, reference should he jnade
to methods and problems of photoelasticity,
on which M. W^'achtler has published a sum-
mary in Phys. Z., 29, 497 (1928): “Uber die
Anwendung der Akzidentellen Doppelbrechung
znm Studium^der Spannungsverteilung in be-
anspruchten Kornern.’^
Ki>Uoid-Z., 45, 46-52; 52-56 (1928).

Note added in proof reading. The autlwr:

had the kindness to advjse me of the content-

of this article before its publication in tie

Z. physik. Chem., B 3, 240 (1929), so that 2

brief reference could be made here to tbei:

work.
Address at the convention of the Deutsche

Kautschukgesellschaft at Hanover (May,

1929). H, Zocher and H. J. von Fischer.

Kautschuk, 5, 173 (1929); Chem, Abstracts,

23, 5061 (1929).
* Translator’s Note. H. Zocher and H. J. von

Fischer [Kautschuk, S, 173 (1929); Chen.

Abstracts, 23, 5061 (1929)] measured tie

double refraction of rubber under a condition

of uniform, bilaterally symmetrical stretchsig
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:iv specific rubber prepaiations have been made only in solutions; conse-

ifiieiitly this matter will be given further consideration when rubber solutions

are discussed
(G. Scheibe and R. Pumnierer). {See p. 494.) M. Kroger and

H. Statide"^^ have measured the light absorption of stretched and normal
rabber in thin films. They determined the ultra-violet limit of absorption

of rubber, and found the same result in a qualitative sense, and the same
estimated degree of absorption as in measurements on solutions. They also

^l^owed that optical lenses could be made from thin, transparent rubber "mem-
branes swelled into the form of spherical segments by means of liquids, and
stated that for certain applications in the ultra-violet, they are suitable to

replace large quartz lenses. The thickness of the membranes examined for

this purpose ranged from 0.1 to 1 mm. In the case of artificial rubber, these

authors found the initial absorption at 2500 A, and for pale crepe at 3000
A. but when in the form of a stretched membrane, at 2300 A.

Region of Long Wave Lengths. A few references will facilitate the

access of the readers to the literature concerning the close relationship be-

tween the index of refraction, the reflection coefficient, and the dielectric

constant, especially in the region of long wave lengths.-^® In these references

are to be found determinations of these data on numerous materials, includ-

ing various kinds of vulcanized rubber.

Effect of Light. The effects of light on rubber may be classified as

diemical and physical. If air is excluded, and the radiation is of short wave
lengths such as occur in sunlight, and especially in strong sources of ultra-

violet light, the inception of disintegration and polymerization in thin films

of raw rubber can be determined. These phenomena become evident in the

ulms irradiated with light of 2,000 to 3,000 A wave length by the increasing

insolubility of the irradiated rubber. Extensive investigations of these

phenomena have been made by Keiichiro Asano after B. D. Porritt

had earlier observed that before the access of air, protected rubber solutions

p:ave rise to the formation of gels under the influence of ultra-violet light.

Finally, there is an interesting discovery of F. Kirchhof,-^^ who found that

at a constant rate. A Berek calcite compen-
sator was used. The effects o£ rate of stretch-

ing, mastication, degree of vulcanization and
temperature were studied and the results were
correlated with the mechanical properties. The
conclusion of Zocher and von Fischer was
that, instead of the x-ray interferences aris-

ing from crystals already present as a coher-
ent mass (Hauser & Mark), the impurities
present form the coherent mass, from which
the crystallizable substance is expelled by the
stretching (which causes simultaneous lateral

compression). The r-'V'? :r.aterial thus sepa-
rated has the .'V.i-i,,-; to crystallize into
a discontinuous !"ii.- hypothesis allows
a simple explanation of the differences in the
“melting point,” and also allows the Joule-
Thomson heat effect to be considered simply
as a heat of crystallization.—N. J.
Gummi-Ztg., 43, 22-24 (1928). See also
Chem. Zentr., 99 , II, 2293 (1928). Con-
cerning the absorptive capacity for x-rays of
ordinary rubber, and of preparations contain-
ing lead compounds, work was carried out by
G. W. Kaye, and E. A. Owen, Chem. News^
127, 122-125 (1923), They determined also
the electrical breakdown resistance of rubber
stocks compounded with litharge to be from
5,000 to 12,000 volts per mm. (See the fol-
lowing section.)

®^lii this connection the first work to be men-
tkmed is that of H. Rubens [e.g., Ber. Preuss.

Akad. JViss., 38, 556 (1917)] concerning the
refractive indices of a few materials f .r bh- rt

Hertzian waves (p = 5.2 X 10®).
_
For in-

stance, ebonite gives a refractive index of
1.64 for this w^ave length. See also, Ibid.,

pp. 1280-1293^ (1916), dealing with the re-

flection coefficient and the dielectric constant
of some amorphous materials, e.g., of ground
and. polished hard rubber. In the spectral
region between A = 10 m. and X == 0.3 mm.,
the refractive index remains practically con-
stant, and no dispersion exists. See also R.
Jaeger, Ami. Physik, (4), 53, 409-460 (1917)
for dielectric constants of solid bodies at

various wave lengths.^ See also the following
section of this text, in which there are fur-

ther references on the dielectric constant.
217 Jwdm Rubber 70, 307, 347, 389 (1925).

India Rubber 60 , 1159-1162 (1920). The
same study was also made by V. Henri
iCaoutchoitc & gutta-percha, 7, 4371 (1910),
who learned that in its sensitivity to light,

raw rubber is considerably superior to vul-

canized rubber. This is explained by the as-

sumption of Asano that the polymerization by
light is similar to the effect of vulcanization.

In most cases, Porritt connects chemical proc-
esses with the effects of light.

219 Kautschuk, 3, 28-30 (1927). Mention should
here be made of an article by L. Raybaud
ICompt. rend., 149, 985 (1910); also Compt.
rend. soc. bioL, 71 , 216-8 (1910)3 concern-
ing the deleterious effect of sunlight cm rubber.
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the formation of a gel is observed when a benzene solution of rubber is sub-

jected to ultra-violet radiation in the presence of yellow phosphorus. Zinc

xanthate accelerates this reaction. Dittuse daylight apparently has no etfect^*

Electrical Properties

The electrical properties of rubber are of great technological importance.

For the most part these have been determined for the technically important

types of compounds, using common commercial rubber. So far' the known
data are not of the nature of characteristic constants of matter. Since the

United States Bureau of Standards appears to be engaged in determining the

electrical properties of well-defined raw materials including pure riib])er, this

deficiency in the data may well be filled in a reasonable length of tiine.f It is

apparent from the communications submitted, that purified rubber, of sup-

posedly the same degree of aggregation as raw rubber, both by itself and in

compounds, shows electrical properties obviously different from those of a

technical grade of raw material.^-^

The work of Scott, McPherson and CurtisJ ^referred to^ above covers compounds from
(} to 32 per cent sulfur, temperatures from -75° C to 235° C., and frequencies from 60

to 300,000 cycles per second. Complex properties are found for these rubber sulfur com-
pounds. There is a “ridge” of high properties (dielectric constant, power factor or

C'r.F'.c^ivityj on the temperature-—per cent sulfur graphs running from low temperature-
” content tc h.igi'. !i.-n'poraiurc-high sulfur content. The highest values of the

properties are found in the neighl3orhood of 20 per cent sulfur and 75° C. in the case c:

power factor and conductivity; in the case of dielectric constant, the maximum values

appear to be above the limits of experiment, both in temperature and per cent sulfur.

On both sides of these plotted “ridges” of high properties, large regions on the pic:

indicate low properties. The decrease in dielectric constant in the case of higher sulfur

content or lower temperature, is more rapid^than in the direction of higher temperature
or lower sulfurs. In the cases of power factor and conductivity, the ridge is steeper

and more symmetrical. There is a region above 175° C. in which much higher power
factf>r figures again appear, at lower frequencies. This similar behavior of power factor

and electrical conductivity is to be expected. A brief resume is given to compare the

properties of purified and crude rubber compounds, and to discuss the selection of rubber
compounds for specific uses.

In evaluating these physical properties, only their order of magnitude-

can be conclusive!}' stated, rather than definite numerical values. For this

reason, a comparison will be made of those electrical properties of natural

and artificial rubber which show remarkable agreement.
The United States Bureau of Standards,^-^ in an extensive investigation,

has determined those electrical properties which are most important from a

technical standpoint, especially in comparison with the corresponding be-

havior of gutta-percha.

* Tranislator’s Note. Emil Ott [J. Am. Chem.
Soc., 52, 4612 i'1930U Rubber Chem. Tech.,
4, 82 (1931,)] descrilved briefly the interest-
ins: fact that on exposure of translucent crepe
rubber to x-rays, the irradiated spot became
more and the interference pattern
shari-er, iiisiija.tiim an increase in crystalline
particle size, and a nrnerres^ive crystallization.
The reg^ion thus acected was sharply defined
by _the edges of the l>eam, and disappeared
easily on warming? of the sample. This pr.mple
of ru!»ber is the same one as de-errued in a
previous article INaiurmssenschaftent 14,

320 (1926).] In the case of g:utta-i^rcha, a
similar activation of crystallization in ultra-
violet light was noted by Kirchhof IKaut-
sckuk, 4 , 254 (1929); Chem. Abstracts, 23,

1525 (1929)3.—N. J.

t Translator’s Note. The work on pure rubber

undoubtedly referred to is that of A. H. So tr,

A. T. McPherson and H. L. Curtis, wider

has recently been published in the Bureau r

Standards Journal of Research, 11, 173-2''

(1933), and reprinted as Research Paper AV.

R. P. 585, “The Effect of
Frequency on the Dielectric CtiTistnr:. f'

Factor and Conductivity of Compounds o:

Purified Rubber and Sulfur.’'—N. J.

Notes from the U. S. Bureau of Standarrh.

communicated bv the Director; /. Franklin

Inst., 205 , 125 (1928).

t Translator’s note by N. J,

221 See H. L. Curtis and A. T. McPherson.

Bur, Standards Tech. Paper, No. 299. See

also the article in the India Rubber /.,

235 (1926), as well as in Kautschuk, 2, 67

(1926).
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Supplementing the oldei- work of Schiller, mentioned on p. 418 in ronneo-

tion with the discussion of the anisotropy of stretched rubber, the dielectric

constant has been determined for numerous rubber samples. This constant

will hereafter be designated e. Pale crepe gave the value e= 2.43; smoked
sheets gave c— 2.53, and after one year s natural aging, e= 2.38. In pure
nibber-sulfur compounds, e increases in proportion to the amount of sulfur

present, as well as with the curing time, except that in the case of hard rubber

c-ontaining 30 per cent sulfur, it is not noticeably greater than in compounds
of 8 per cent sulfur content.^ The values of e vary for these vulcanized

samples from 2.4 to 3.5. The theoretical requirement that e shall be

equal to the square of the refractive index is hereby quite well satisfied.---

D. W. Kitchin* [Ind. E^ig. Chem., 24, 549 (1932) ; Rubber Chem. Tech,, 5, 367
1 1932)] in the fifth of a series of “Studies in the Vulcanization of Rubber.” discusses

the effect of per cent sulphur, temperature and electrical frequency on tlie clirji-oclric con-

stant and power factor of vulcanized rubber. “Data are given for samples containing

frum 2 to 32% sulphur tested at 30*", 50'^, 75® and 100° C. at frequencies from 600 tu

2.000,000 cycles. These electrical properties vary greatly with composition, frequency
and. tempera tiirc. The dielectric behavior has been interpreted in previous papers

[C. R. Boags & J. T. Blake, Ind. Eng. Chem., 22 , 748 (1930) ;
D. W. Kitchin, Tram.

Am. Inst. Elec. Engrs., 48, 495 (1929)] on the basis of polar molecules. In tliis paper it

is shown that this theory, as originally applied to rubber, requires some
The results do not disprove the dipole mechanism, but they do show that the low dielec-

iric constant and power factor of hard rubber at room temperature, which led to tiie

belief that addition of sulphur to all the double bonds gave a balanced molecule, are

really due to its rigidity which so retards the electrical response that the period of charge
ur discharge is 24 hours or more. At higher temperature hard rubber softeii<, t:ie

jjeriod becomes short, and dielectric constant and power factor are high.

Studies of the compressibility and thermal expansion of vulcanized rubber have re-

vealed two states with a fairly sharp transitmn temperature: a hard state in which
rubber resembles a solid, and a soft state in wi'ic': ;r t.xlsh.iis properties of a viscous

liquid. The dielectric behavior is also greatly influenced by this transition and in a

manner w’hich gives additional support to the concept of soft rubber as a liquid.

It is shown that the agents producing the electrical effect are not identical, but possess

widely different relaxation times. Preliminary tests show that the power factor of a

vulcanized rubber sheet decreases on stretch. None of the data makes it possitile

fletermine the actual mechanism of the electrical behavior.”

The nature of the pigments is of considerable influence on the dielectric

constant of compounds in general, as they cause a great increase in the value

of this constant. Thus, in case 20 per cent of gas black is milled into rubber,

its dielectric constant increases to €= 6. The effect of moisture content

also plays an important role. A comparison with gutta-percha shows that

in the pure state, these materials exhibit substantially the same value, an ob-

servation which was to be expected from the similarity of their chemical

constitution.

The electrical resistance of raw rubber is of the order of magnitude of

10^^ ohms per cm. cube, the actual figures being, for pale crepe, 50x10^-^,

for Para rubber, 35xlO^^ for smoked sheets, 3x10^^. Pure gutta-percha ex-

ceeds rubber in this respect by a considerable amount (370x10^'^).
^

The
common gutta-percha of commerce, containing resin and dirt and (in the

See also the quotation concerning dielectric
constants in the previous section. Also in the
older literature, see N. Schiller, Pogg. Ann.,
152, 535 (1874), and J. E. H. Gordon, Phil.
Trans. Roy. Soc. (London), 170, I, 417
(1879). These authors determined for raw
^ber, e = 2.12 (Schiller) and 2.22 (Gor-
w); and 2.60 (Schiller) and 2.49 (Gordon),

extrapolated to infinite wave length. Tliese

measurements should be considered along

with newer measurements of Liebisch and
Rubens [Ber. Preuss. Akad. Wiss., p. 876

(1919) and p. 211 (1921)3, who found for X
s= 3 X 10 cni., e = 2.61 for natural rub-

ber, and e = 2.56 for synthetic rubber.
* Translator's note by N. J.
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sample examined j
only about 57 per cent gutta-percha, still exhibited a re-

sistance of 25x10^^ ohms per cm. cube.

Pure rubber-sulfur vulcanizates show no particular difference from raw
rubber with respect to their electrical resistance. Pigments, however, have
a great effect on this property. Litharge increases the resistance, but gas
black reduces it enormously, 25 per cent of black reducing the value to

35 per cent of black, to 10®, or a reduction to 10’^ of the value for the iin-

pigmented rubber. With regard to dielectric loss,-^® raw rubber and pure
gutta-percha are similar, though with increased content of resin, the Ions

increases in gutta-percha. Pigments increase the dielectric loss decidedly.

In a compound containing 20 per cent gas black, the loss is 80 times greater

than that of the unpigmented rubber, and in a compound containing 50 per

cent litharge, it is 20 times as great. As the final result of this whole investiga-

tion, it was determined that rubber lends itself better to the construction of

cables than gutta-percha, in that it shows more favorable dielectric properties.

McPherson, Curtis, and Scott have studied the interrelation of density

and electrical properties in the system rubber-sulfur. With increasing sulfur

content, the density increases directly with the composition, up to a 19 per

cent sulfur content, where an instability^ occurs. The e increases with sulfur

content up to a concentration of 10.5 per cent, decreases in vulcanizates

containing 10.5 per cent to 19 per cent of sulfur, and then gradually rises

again. The power factor follows a similar course, with a maximum at 13.5

per cent. The electrical resistance increases until a concentration of 26 per

cent is reached, and then decreases. The authors show the relation between

the point of instability and the stoichiometric relation of the definite com-

pound (C5H 8 ) 2S which contains 19 per cent sulfur."^'

There are numerous other articles on important electrical properties of

rubber, which cannot even be discussed here. The mention of some of these

papers will have to suffice.““^t

See, e.g^., F. Kobirauscli, ‘“Handbuch der
Praktischen Physik.”
Bur. Standards Sci. Paper, No. 560, 36 pp.
i 1927).

* Translator’s Note. The effects of different

accelerators and antioxidants in rubber com-
pounds on the alternating current conductance,
specific resistivity, power factor, dielectric

constant and water absorption are discussed
bv J. H. Ingmanson, C. W. Scharp, and R. L,
Taylor llnd. Eng. Chem., 25, 83-87 (1933)3.
They find that in high grade soft^ rubber in-

sulation compounds, the highest resistivity was
obtained with a thiuram accelerator. In the
case of compounds containing 1.35 per cent
sulfur, the power factor was found to increase
with increasing time of cure. The choice of
antioxidant was found to have some effect on
the electrical properties, but not of such a
nature as^ to “be attributed directly to dif-
ferences in chemical structure of the anti-
oxidants.”—N. J.

--® With reference to the work last discussed
above, W. H. Nuttall [Trans. Inst. Rubber
Ind., 4, 313 (1928)3 has studied the electrical
insulating materials,

_
t-'oecially from the chem-

ical point of view. lie Civine- to the conclusion
that well i^lymerized materials are best quali-
fied to be insulators, and that special attention
must be paid to the use of the purest possible
materials- St. Reiner reported on rubber as a
dielectric [Gummi-Ztg., 41, 929 (1927)] and
on gutta-percha in the same capacity [Kaut-
sehuk, 4, 55-56 (1928)}. P- Dunsheath
[Trans. Inst. Rubber Ind., 2, 460-87 (1927)3
also investigated the electric properties of
rubber as affected by pigmentation, moisture,

curing time, etc. An investigation by Hikuj
Saegus.-. ^epts. Tohoku Imp. Uniz\,

13, 179-ly5 and also Ckem. Zentr.
96, I, 2616 (1923)3 deals w'ith dielectric hys-

teresis, etc., of rubber as well as of ebonite.

The same author published later [Ihid., 14,

335 (1925) and Chem. Zentr., 97, I, 31t

(1926)3 on the change of the ratio of cur-

ductivity to capacity wfith the temperature.
Chr. Rods [Z, Physik, 36, 18 (1926)] triel

to increase the conductivity of ebonite and the

other solid dielectric materials by irradiatiuu

W’ith x-rays.
G. E. Bairsto determined the dependence y.

the dielectric constant on the freouenc}. t"
both gutta-percha and rubber, in ih.c vn; c .

range conimorily used in wireless telegraphy.

He found a gradual decrease in its numerical

value with increasing frequency. [Proc. Rox.

Soc. (London), A 96, 363-3S2 (1920)3.

J. Viiley, P. Vernotte and H. Lacaze in-

vestigated the relation between the ohmic re-

sistance of rubber and its dielectric polariza-

tion. The conductivity of a slab of rubber 3

mm. thick w’as measured, and a hyperbolic

decrease of current with time was found.
^

This

experiment show’ed the current attenuation to

be very sensitive to temperature. [Cmit.
rend., 178, 1612 (192-1)]. Filially, an in-

vestigation by Donald W. Kiichin i.s descrikd

[India Rubber J., 77, 327 (1929)3.
dealt with the power factor and dielectn.

constant in viscous dielectrics.
. ,

Translator’s Note. A later review of electnca^

researches is furnished by W. H. Nuttall

J. Kirkwood [India Rubber J., 80,

(1930) 3.~N. J.
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A comparison of the electrical properties of natural rubber and synthetic

rubber (methyl rubber of types H and W) has been made by K. GeislerA-^

He was able to prove that compounds of synthetic rubber \vere completely

Miiiilar to those of natural rubber, insofar as their insulation resistance was
cniicerned, and also that the dielectric losses of the two kinds of rubber Xvere

of the same order of magnitude. Cable compounds show almost exactly

similar properties, whether made from artificial or natural rubber. Occasion-

ally, the properties of the artificial rubber are slightly superior to those of

the natural rubber. The similarity between artificial rubber and natural

rubber is much greater in their electrical properties than in their mechanical
properties.

This fact is not difficult to understand, inasmuch as the electrical proper-

ties are dependent on the chemical nature of the rubber molecule, whereas
the mechanical properties are dependent on the physical state of the struc-

ture (aggregation, etc.). In chemical constitution, artificial and natural rub-

ber are not dissimilar, as they are in their degree of aggregation. In par-

ticular, hard rubber slabs made from artificial rubber present just as good
insulating properties as those made from natural rubber, in that they will

vnthstand 70,000 to 80,000 volts per mm. of thickness.--^

In connection with the investigations just discussed concerning tlie electru-

technical considerations, there are a few other observations that should be

mentioned. L. Bouchet was able to prove that under the influence of an

electrostatic field, vulcanized rubber contracted in the direction of the fiekl

He also determined the change in thickness of a rubber sheet in an electric

nelcl, and found that this change in thickness, the modulus of elasticity, and
the difference in potential were quantitatively related to each other. (See
also pp. 394 and 398.) Corresponding investigations--^ were carried out on

glass, paraffin, and ebonite.

The sheets of rubber studied were of vulcanized, Para rubber, free from
hllers; when pure, unvulcanized rubber was used, there was a marked per-

manent set. With a sheet of 0.35 cm. thickness, a shrinkage of thickness of

\c
~ 4.5 X 10 cm. was caused by a potential difference of 16.4 electro-

static units, the shrinkage for 38.3 electrostatic units being 22.5x10'^ cm.

These changes in thickness correspond to within 2x10 cm. with the theoretic

cal calculations made from the following relation between Ac, the shrinkage;

£, the Young’s modulus; e, the dielectric constant; and F, the potential dif-

ference:^^® (See p- 394.)

_ 1
^
eV-

E H ire

Piezo-electric investigations on ebonite, vulcanized soft rubber, glass, horn,

etc., were made by K. R. Brain, who was able to study the behavior of

electric charges of the same order of magnitude as those to which Curie had

^K. Geislei-, “Kunstlicher Kautschuk fur elek-
trische Isolierungszwecke,” Verlag des Ver-
eines deutscher Ingenieure, J. Springer, Ber-
lin, 1922.

® Cnnipare Giintlier-Schulze, “Uber die dielek-
trische Festigkeit,” p. 112, J. Kosel und F.

^
Kempten, 1924, and Figs. 33 and 34.

*^Compt rend., 163, 169, 479 (1916).
The earlier investigations of observers on

glass
^

furnished the starting point for these
experiments. A. Righi, Mem. accad. Bologna,
(3), 10, 407 (1879); also G. Quincke, Wied.
dmi,, 10, 161 (1880); 19, 705 (1883), as well

as Cantone and Sozzani, Rendic. ist lorn--

bardo scL, (2), 33, 1059 (1900)—“Electro-

striction.’*
2®oAll the factors in this equation are to he

expressed in the c. g. s. system. The modulus
of elasticity given on p. 438 in kg. weight
per mm.- units, must be changed over to the

absolute system by multiplication by 9.81 X
lOh The reciprocal of Young’s modulus,
l/E — a, in the above example has the value

2.8 X 10 dynes/cm.-. The absolute electro-

static unit of potential has the value of 300
volts. The unit of length is the centimeter.

aiProc. Pkys. Soc. (London), 36, 81-93 (1924).
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subjected crystals. For small loads, the charge was found to be proportional
to the load, but for larger loads, the charge increased more slowly. Hvsteresi^
and fatigue phenomena were also observed. Cubical test pieces of millefi

stock for insulation purposes and other types of rubber behaved in an aniso-
tropic manner in relation to their piezo-electric effect.

Finally, there are some investigations in the realm of triboelectricitv or
contact electricity to be mentioned. P. E. Shaw,^^^ established a triboekitric
series, or sequence of various materials, such that the polarity of the electric

charges resulting from mutual rubbing of these materials would be indicated
by the relative positions of the materials in the series. This order can be verv
materially influenced by the temperature of test. H. F. Richards made
obsen^ations on the charge assumed by rubber when it was heavily pressed
against hard materials whose dielectric constants varied from 2.8 to' 7.8. He
found the charge to be independent of the nature of these materials. (See
also electrophoresis, p. 493.)

]\Iagnetic experiments with rubber, in an attempt to prove its diamagnetic
character, have not as yet been proposed. Such experiments might prove verv
useful for the study of the anisotropy of rubber. The author would like

to resen^e for himself the work of determining the magnetic susceptibility of

rubber in connection with its dependence on the degree of extension.

Swelling and Solution of Rubber

Introduction

After S. Peal (1791) first noticed that raw rubber, which up to that time

had been known only as the latex emulsion or in its solid coagulated form, had
the ability to swell in turpentine, and finally to go into solution, an extensive
field of technical usefulness was foreseen for rubber. A long time elapsed,

however, before this usefulness could be exploited in a practical manner, a>

a suitable and volatile solvent was not immediately at hand. When ])enzeiie

became available as a product of the destructive distillation of coal, an e.x-

cellent solvent was recognized in it by Macintosh (1823). Later this sub-

stance was displaced by benzine as a solvent for rubber. However, we are

here interested in the process of solution of rubber more from the stand-

point of its general physico-chemical aspects, than from that of its technical

utilization.-'^^

It is not surprising, considering the long time during wdiich the manufac-
ture of rubber goods has developed in a purely empirical way, and also with

an unusual degree of secrecy, that no proper study has been considered of the

processes of swelling and solution of rubber. Theoretical insight into this

field has come only recently.

If we classify gels, as did Freundlich,-^^ into those which swell and exhilrk

elasticity and those which do neither, then rubber gels fall in the first class.

This group is characterized by the fact that the absorption of liquid causes a

very considerable increase in volume, while drying of the gel causes a con-

^Pmc. Roy. Soc. (London), A 94, 16-33
tlie author uses the expression “tribo-

electricity,” which may be suitably applied to
some types of experimental technique.

^^Pkys. Rev,, (2), 22, 122-123 (1923).
**** The following references treat the technolog-

ical aspect of solvents for rubber: A. Auf-
reck and F. Jacobsolm, Gnmmi-Zig., 24, 1755,

1789, 1826, 1857 (1910); D. F. Twiss, Mk
Rubber 74 , 573, 739, 773 (1927).
H. Freundlich, “Kapillarcheraie,” 3rd Ed..

Akadem. Verlags-Ges., Leipzig, 1923 ;
“Col-

bid and Capillary Chemistry” (translated

from the third German Ed. % H. S. Hat-

field), p. 662, E. P. Dutton, Hew YttrL

1926.
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ftant decrease in voluine, until finally a thick, cohesive mass remains which
is

apparently entirely free from porosity. On account of this, the’ elastic
gels, in contrast to the inelastic, of which the commonest example is silicic

kid, behave in an entirely selective manner in the presence of a new' supply
nf liquid. They do not absorb any and all liquids, but give evidences of
.^welling only under the influence of specific liquids, so that different siib-
qances actually exhibit quite specific swelling properties.-sc By this iiiein<

a final state can be reached which is more or less similar to a'^ soliitii.n or
definitely limited swelling can exist, in which case, the taking up of the < well-
ing agent can reach only a certain maximum amount. Between these last-
mentioned extremes, there are many intermediate conditions possible in
which, as in the case of rubber with increasing swelling, a certain fraction of
the material may pass into the state of solution, though none of this ma-
terial may be truly in the molecular form.

If, however, all violent agitation of the swelling specimen in the liquid is

avoided, it is possible to count rubber in the class of substances of limited
swelling power, somewhat in the same category as gum arabic.--^* Accord-
ingly, the swelling ability of rubber with different swelling agents lias been
made the subject of repeated experimental study.^^^

Experimenters have tried to draw conclusions as to the structure of rubljer
{rom the phenomena which appear during swelling and solution of rubber,
using the widest possible variety of viewpoints.* In the final analy>i^, the
fractionation experiments owe their origin to these observations, whic'li in

Pnmmerer’s hands led to the purification of the rubber hydrocarbon i sec

p. 166). This is a particularly opportune time to mention "the experiment>
ui P. Bary,^^^ who sought to find some new information from a study fit the
process of solution. In contrast with the two-phase theory of rubber, which
was previously discussed {see p. 423), Bary introduced a theory ui stdiM

sulution, in which the various polymerization products of the iso-culluidal

rubber exist together. The rubber structure is thus built up of interlaced,

diains, which are broken apart by the process of swelling and also by masiica-
There is also a noticeable change in the degree of aggregation with

time as manifested in the fractionated solution of rubber, as it was invoti-
;,^atedby B. Caspar! and Feuchter, for instance {see p. 423). This viewpoint
rill again be encountered in later discussion.

Swelling Pressure and its Determination

Although rubber increases its volume enormously in swelling, the total

vulume of the swelling system decreases slightly. After G. Flusin piib-

Cf. the earlier statement concerning the recip-
rocal action between the swelling substance
and the swelling agent; p. 433 of this text,
footnote.

®The_ processes which occur under different
conditions have become better known through
the work on the fractional solution of rubber
by Caspari, Feuchter, and especially by Pum-
merer. (See p. 174 of this text.)
Observation added during proof-reading:
special emphasis should be laid on the recent
special issue of the Kolloid-Zeitschrift, “Gal-
lerto und Gele,” edited by Wolfgang Ost-
wald, in which the general viewpoints are
ttMsidered. Kolloid-Z., 46, 241-368 (1928).
See al^ the section on swelling, by J. R.

in K. Hess, “Chemie der Cellulose,’*
1928 .

* Translator’s Note. A practical application of
the influence of a swelling agent on the fmi-
daniental relation existing between the tem-
perature of retraction of a cured rubber strip
and its “state of cure” for vulcanizatiiiii cu-
efficient) has been made by R. H. Gerke
in the so-called “T-50 Test” for state of cure.
(For further details of this test, see p. 552.)—N. J.
Rev. gen. caoutchouc, 2, No. 20, 5-9, (1926);
No. 21, 3-7 (1926); P. Bary and E. Fleurent,
Compt. rend., 184, 947-8 (1927).

See also the general review of structural
studies of rubber by P, Bary and E, A.
Hauser, Rev. gen, caoutchouc, 5, No. 42, 3,

(June 1928^ See also Kautschnk, 4, 96-102

(1928).

^Ann. chim. phys., (8), 13, 488 (1908)
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lishod some data on rubber, in connection with his ol)servations on the swell-

ing power of varicms substances, E. Posnjak at the instigation of Freund-

lich, undertook a fundamental investigation of the swelling pressure of rubber
These measurements have been extensively discussed from the theoretical

standpoint. If a resistance is placed against the increase in volume of swell-

ing rubber, the swelling continues and the resisting force is overcome by the

swelling force of the rubber. However, this swelling force is not infinite,

and its value can be determined if the resisting force is so far increased that

no further swelling of the rubber is ascertainable. Then a point is reached at

which any further increase in the resisting force causes some of the swelling

agent to "be pressed out of the gel. There is, therefore, a thermodynamic
equilibrium, in which the absorption of a given amount of swelling agent

corresponds to a certain pressure.

For making measurements of the swelling pressures of raw rubber and

also of gelatin, Posnjak used a glass tube, on whose lower end was cemented

a clay cup {see Fig. 97). If a small piece of raw rubber, say 0.0667 gram or

Figure 97—Apparatus for measurement of
swelling pressure.

(According to Posnjak.)

Left: Assembly view of apparatus.
Right: Section through the swelling tube.

m screw connection for manometer.
n cement.

nn sealing compound (wax, rosin).
k graduated glass capillary.

Hg mercury.
g glass tube.
T clay cup.
Q sample of material being swollen.
R glass tube.

g vessel containing swelling agent.

/ liquid (swelling agent),
r cork.

Para rubber, is placed in the bottom of the glass tube of 12 to 14 mm. diam-

eter, and the whole is then immersed in a beaker of benzene, the benzene

diffuses through the porous clay cup to the rubber. In order to measure both

the volume of solvent absorbed and also the pressure caused by the swelling,

the open glass tube above the rubber sample is filled entirely with mercury,

which extends into a visible calibrated capillary side tube, so that from the

movement of the meniscus the volume of fluid absorbed can be computed.

The resisting pressure may be obtained from compressed air which is mano-

metrically measured, and which acts against the same mercury meniscus.

With this measuring apparatus, Posnjak investigated the swelling of rubber

in numerous organic liquids, and found that the pressure became constant in

the course of a few days. This was taken as a good indication that equilibrium

had been reached. In order to obtain a relation between the volume of swell-

ing agent absorbed and the corresponding pressure, it is necessary to hold

the temperature constant and to make certain that the mercury meniscus is

stationary, before reading the volume and the pressure. Using as the unit

of measurement of the degree of swelling, the concentration c of the original

dry gel (grams of dry gel per lOCK) cc. of the total volume), and further

neglecting the slight shrinkage that takes place during swelling, the relation

between the swelling pressure P and the concentration c may be simply ex-

Kollmdckem, Beihefte, 3, 417 (1912). The given here in conjunction with the exfteri*

theoretical considerations of FreundKch are mental data of Posnjak.
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rjessed by the following equation, which was derived by Freundlich

:

1 25 ).

where Po and k represent constants. The proportionality factor Pn

mavbe recognized as the pressure which exists at a concentration equal to 1.

table 10 contains a proof of the^alidity of equation (25). The weight

the sample of rubber used was 0.0667 gram. The results agree with the

nutation very well, as is shown by the agreement between the deserved and

calculated values, using as constants P„= 0.00044 and k— 2.88.

Table 10—Swelling of Raw Rubber in Benzene. (According to Posnjakj.

p c c
gram/cm.^ Observed Calculated

720 144.6 143.8

1120 164.2 167.6
2120 208.1 209.1

3120 240.0 239.2
5120 289.4 284,1

Figure 98 gives the linear relation (which may be derived from the equa-

;ion) between log P and log c for ten different organic swelling agents. In

J75\

Figure 98—Dependence of the swell-

ing pressure, P (in g./cm.*), on the

concentration of the gel, c (g, rubber
per 1,000 cc. of gel.)

(According to Freundlich and
Posnjak,)

The curves refer to the following swelling
igents

:

Carbon tetrachloride

2. Chloroform

3. Acetylene dichloride

4. Tetrachlorethane

5. Toluene

0 . Thiophene

7. Benzene

i Cymene

9 . Ethyl ether

b’. Ethylene chloride

Po = 566 X 10 -5; K == 2.53

Po = 265 X 10 -5; K = 2.64

Po = 472 X 10 -5; K = 2.48

Po = 280 X 10 -5;

Po =26.7 X 10 -5;

Fo = 44x10-5;
Po = 367 X 10 -5;

Po = 9.2 X 10 -5;

Po =0.58 X 10 -5;

K = 2.86

K = 2.SS

K = 2.98

K = 2.88

K = 2.48

= 3.01

a: = 3.33

m

225
log c

contrast with the constant Poi the exponent k is only slightly dependent on

liquid used. Since this exponent is characteristic of the slope of the

curves, and since these curves are all approximately parallel, an average value

ior the exponent k, may* be taken as 2.7.

The equation (25) may be derived with the assumption that, in each stage

of the swelling process, the relative change in pressure is proportional to the
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relative change in concentration, which is expressed by the following differen-

tial equation

:

dP_ dc

^26)

which in integral form is : log F= fe log c const.

Now, since for c— 1, log Po= const, ^^e have

:

log P~ k log d:+ log . P = PoP.

In the case of rubber swelling in benzene, the contraction -^2
jg

significant. Its determination is attended with uncertainty, but the value has

I)cen obtained by Posnjak from measurements of the density of the rubber

before swelling and during swelling. His results are summarized in Table 11

:

Table 11 .—Contraction of Volume of Unvulcanised Rubber
during Sivelling in Benzene
(According to Posnjak).

Amount of liquid Observed Calculated

absorbed, per cent volume volume Coiitractimi

34.2 1.091 1.099 0.008

68.8 1.096 1.106 0.010

97.9 1.101 1.110 0.009

The Rate of Swelling

Posnjak measured also the rate of swelling, i.e., the speed with which

equilibrium was reached. Among other things, he observed that one-half

year of natural aging of the rubber did not materially affect its rate of swell-

ing. Posnjak was able to formulate the rate of swelling after the manner

of a first order chemical reaction, and found the results to be in good agree-

ment with the equation

.-li
'• " W« — JIT

(26a

)

In this equation, k is the reaction rate constant, and Wco are the ab-

sorbed fluid masses at time and at equilibrium, respectively. For example,

raw rubber, swelling in benzene at 18° C. with an external pressure of 1120

gram/cm^., absorbed at saturation a weight of benzene JV oo =0.3337. The

constant i^= 0.0020 was determined from the values ^l= 145', ^2= 1185b
6.^=1840', and the corresponding figures for the weights of benzene ab-

sorbed; [["1= 0.0905 gram, ^^2= 0.3002 gram, fF’3= 0.3194 gram. In

chloroform, at 17° C, but under otherwise exactly the same conditions, the

reaction rate constant was k— 0.00057. Similar kinetic studies were made

by Flusin on vulcanized rubber.

In this connection an article has appeared on
the change in total volume during the forma-
tion of rubber sols: W. A. Gibbons and
Eardley Hazel!, J, Am. Chem. Sac,, 49, 620
(1927).

^ Concerning the kinetics of heterogeneous sys-
tems, see pp,^ 440 and 464 of the text by J.
Eggcrt, mentioned on p. 413.

** D. Spence and G. D. Kratz IKolloid-Z., IS,

217-226 (1914)] published their observations

regarding the swelling of rubber in organic

liquids, and purposely avoided any mathe-

matical treatment of the data.
^
In a study of

osmosis and the swelling of disperse systenjs,

Wolfgang Ostwald and K. Mundler have gen-

eralized the formulation of Frcundlich ana

Posnjak IKoUoid-Z., 24, 7-27 (1919)].
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In connection with the figures obtained by Flusin ^he rale of snlntinn

iif a swelling agent in rubber, P. Bary made the following calculations

vrhich differ from those given above

:

,
_ ips

In this equation, p refers to the weight of liquid held in unit weight of the
gel, and ps to the^ same for the condition of saturation, when t approaches
infinite values ;

A is a constant which depends on the conditions of the experi-
ment, but which is strongly influenced by the strength of the rubber plate

being used.

Bary found good experimental verification of equation (26b), as the fol-

lowing tabulation shows

:

Volume
Observed

P Difference
in min. in cc. Calculated P (calc.) — ^ (obs.)

1 64.9 0.456 0.436 — 0.020
5 233 0.751 0.751 0.000

15 445 0.852 0.853 0.001
30 602 0.885 0.883 — U.(X)2

60 724 0.904 0.900 — 0.004
180 778 0.910 0.910 O.OOU

1440 811 0.913 0.915 0.UU2

These data were taken from the work of Flusin on the swelling of vulcanized
rubber in carbon bisulfide. The rubber was used in the form of thin plates,

of about 1.33 mm. thickness, and contained 1.28 per cent combint^d sulfur

and approximately 2 per cent ash. The results of the measurements were
calculated in terms of the liquid volume in cc. absorbed per 100 g. of rii!)-

iter. The constant A in the equation (26b) (above) has the value 1.1 in

this example, and the constant ps the value 916. Other examples of the

values of these constants are as follows : for chloroform A — U, ps — 0.940

:

and with toluene; A= 3.6, ps= 0.870; with acetone, the values: 226 and
D.123

;
with ethyl alcohol : 509 and 0.0267

;
and finally, with water : 3830 aii<l

0.0180,

To represent the rate of swelling v, as exemplified by the data of Flusin,

Bary found the equation

v= B (p,— py (26c)

which does not correspond to the rate which is to be expected from the theory
of Nernst, Noyes, Whitney and others, according to which, for example,
the rate of solubility of benzoic acid in water is proportional at any time to

the difference between the existing concentration and the concentration at

, chim. pkys., (8), 13, 488 (1908).

^ rend., 161, 589-591 (1915).
“By differentiation of equation (26b), we ob-
tain equation (26c), if in the resulting ex-
pression t is substituted for the value
pA

p,
conformably with equation (26b), The

^nation then reads: v = T~—
*

dt Api
it IS to be noted that this expression
for the rate of swelling of rubber differs
from that found by Preundlich and Posnjak,
since equation (26a) in differential form

reads: v ^ ^ k (Woo —- Wx'), or, in a

form analogous to that of equation (26c}:
zf = B (pa — p). The quadratic function re-

sults from work with vulcanized rubber, and
the linear relation of Posnjak results from
work with lamellae of raw Para rubber. If

the difference between the differential equa-
tions for these two cases is not to be ascribed
to the difference between the materials, then
it must be sought in differences in technique.
Obviously, the difference is in n^d of an
explanation. See also the discussion follow-

ing equation (26c).
phys. Chem., 1 , 209 (1887); /. Am.

Chem. Soc., 19, 930 (1897), and also Z. phys.

Chem., 23, 689 (1897); 35, 283 (1900); 47,

52, 56 (1904).
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saturation. According to Bary,^^'^ differences in the swelling of rubber

samples may be ascribed to differences in the mechanism involved. The
secondary bonds between the long chains are loosened, and the freed valences

are saturated in accordance with their affinities.^

Finally in this connection, there must be mentioned a case of thermolysis

(Ludwig-Soret-phenomenon) which was studied from the standpoint of it-

application to rubber, in the laboratory of Tammann, by H. Wessel.--^® He
determined among other things, the pressure-concentration, or />, r-curve fur

rubber shreds which had been washed with benzene vapor of known partial

pressure, and which had therefore taken up benzene to a concentration c.

If a sample of rubber saturated with benzene vapor is placed in a closed glas^

tube and a temperature gradient is then established, liquid benzene will appear

at the cold end of the tube {see p. 479, footnote 253).

Heat of Swelling and Solution

It should be noted that heat of swelling and solution {see p. 436 and p. 463

is a complex phenomenon, in which it is necessary to differentiate between

the heat of adsorption which appears at the moment of wetting, and the total

heat of swelling or solution. It is difficult to determine these heats sepjaraidn.

( compare with the considerations in footnote 253 of p. 479). So long as ex-

periments are carried out with ordinary, rather than carefully purified rulber.

such distinction ])y separate experiment had best not ])e attem])ted, until reMilt-

can be obtained that are free from objection. It is reasonable to assume tha:

after further progress, a swelling process which is nearly- complete will no:

show any such considerable heat effect as appears at the beginning of the

process, where the forces between the micelles must be overcome by the

swelling agent. From a practical standpoint, therefore, the heat of swelliiii;

is given off and may be determined without serious error in a short time after

the beginning of the process long before the swelling is complete. If the total

heat effect is negative, that is, if the swelling has taken place with an attendant

cooling, then there may be expected an adsorption of an exothermic nature

at the moment when the vapor and the rubber surface come into contact. This

thermal effect was noted as an actual experimental fact by A. S. Houghton
who covered one junction of a thermocouple xvith a rubber film, and leaving

the other bare, placed both junctions in an atmosphere of benzene, of ether,

and of other vapors at the same temperature. In all cases the covered junc-

tion became warmer. In the case of ether, for example, there appeared a

difference of temperature of 1° C; with benzene and pyridine, about 0.3 to

0.4*^ C. ;
and with other vapors considerably less. If after the temperatures

of the two junctions had become equal, they^ were placed in a vessel filled witi:

charcoal, so that the vapors were again absorbed from the rubber, a cooling

always followed. In agreement with these results, F. Hartner observed in

his experiments, in which he was able to determine, the swelling heat alone,

that in the first few moments of contact of the swelling agent with the rubber,

heat was generated, but that soon the stronger cooling effect of the swelling

was predominant.

Rev. gin. cao’Htckouc, 3, No, 26, 5-8 (1926);
Gummi-Ztg., 40, 2206 (1926).

* Translator’s^ Note, The rate of swelling of
several specimens of ebonite in benzene in the
dark at 34* C. has been studied by B. D.
Porritt and J. R. Scott {India Rubber
86, 253 (1933)]. Some specimens were
found to crack very badly on swelling. Those

samples wl'ich did not crack showed the swell

i:ig mrixhn.u-u !o decrease with increasiw.

vu lean izrilion c;< o'T'cioui, and the time requirt

to reach 0.1 of the maximum swelling to in

crease sharply with the vulcanization coeS

cient.—^N. J.
phys. Chem., 87, 215 (1914).

Proc. Phys, Soc. (London), 3S, 39-44



HEAT OF SWELLING AND SOLUTION 479

Recently H. Kroepelin made a theoretical analysis of the heat of dilution

of rubber solutions on the basis of thermodynamic considerations. He found
that with the addition of 1 gram of benzene to a large mass of dilute solution

of rubber in benzene, a heat of dilution of the order of 0.001 gram cal. was
obtained.

The integral heat effect m the swelling and solution of rubber, as has Ijeeii

mentioned on p. 436, is greatly dependent on the age and condition of the

rubber sample, and it is evident that the whole matter of the swelling of rub-

ber is not as well understood as other swelling processes which are easier of
theoretical approach. Conversely, however, these unusual phenomena allow
conclusions to be drawn as to the structure of rubber and its changes with

aging. For instance, Bary,^^! by noting the change in the benzene-soluble

fraction of Para rubber after 15 years of natural aging, came to the conclusion

that the degree of aggregation or polymerization must have increased during

this time.

Maximum Swelling

The determination of the swelling maximum of rubber is comparatively

easy A weighed amount of the gel is placed in the liciuid, and from time to

time, after removing the adhering drops of unabsorbed liquid, the mass is

weighed, until no further increase in weight occurs. By this means, Flusin

determined incidentally, in his above-mentioned work, the ultimate swelling of

vulcanized rubber.* The maximum swelling is greatly dependent on the

chemical nature of the liquid used. F. Kirchhof investigated in a sys-

tematic manner the swelling of vulcanized rubber, and noted a similar de-

pendence on the degree of vulcanization of the rubber. He also carried out

experiments on the swelling of rubber in vapors, and made observations on the

rate of swelling under these conditions. Generally raw rubber reaches

Kolloid-Z., 47 , 294 (1929); the recent experi-
ments of this author, to which we shall refer
often in this chapter, unfortunately could not
be treated more fully in the short time avail-
able before publication.

•»Compt. rend,, 152, 1386 (1911); and also
Rev. gen. caoutchouc, 3, No. 26, 5-8 (1926).

* Translator’s Note. A new method has been
devised by D. J. van Wij'k [Kautschuk, 9,
18 (1933); Rubber Chem.

^
Tech., 6,^ 406

(1933)] for the determination of ultimate
swelling. The apparatus, called a “Volumin-
ometer,” supersedes in accuracy, speed of op-
eration, and simplicity all previously described
apparatus, and allows swelling determinations
to run over long permds of time without loss
of accuracy of the final result. For details of
the apparatus, manipulation and typical re-

sults, the reader is referred to the original
publication.-—N. J.

'^Rolloidchc-oi. Bcihcftc, 6, 1 (1914).
“There are several articles published on the

rate of swelling in vapors, but the conditions
of the experiments are so poorly described,
from the physical standpoint, that no theo-
retical significance can be attached to their
r^ults. If solid rubber takes up a liquid,
the adsorption on the surface and the sub-
^uent diffusion into the interior of the rub-
ber must be differentiated. It would, how-
ever, seem difficult to consider these two
processes separately. Attention must be given
to another piece of work by St. Reiner
\hmtschuk, 4 , 210 (1928) ], which covers

a small period of thg initial s\yellin|r

process, one in which the rubber is still far
from the maximum swelling condition. In the
unvulcanized state, rubber is capable of tak-

ing up several hundred per cent of its own
weight of swelling agent in the vapor form.
Compare also with Wlceck {Gummi-Ztg., 43,
310 (1928) ]. The curve which the system
rubber-vapor follow’s

^
in equilibrium must

represent a logarithmic decrease in rate of
swelling with the time, and must terminate
(inosculate) asymptotically parallel to the
time axis; that is, it must be convex towards
this axis. If in a given experiment this is

not the case, the variation must be caused
by disturbing circumstances, such as diffusion
and convection streaming of the vapor to the
further and deeper layers of the pile of rub-
ber shreds, for example.

t Translator’s Note. C. M. Blow and P. Stam-
berger [Rec. trav. chim., 48 , 681 (1929);
Rubber Chem. Tech., 4, 64 (1931)] discuss

the influence of the amount of surplus of the
swelling liquid on the swelling maximum of

rubber. They found, in common with several

other previous investigators, that the cent

swelling at maximum increases with the

amount of swelling agent initially used. How-
ever, increasing this amount beyond a certain

limit has practically no further effect on the

swelling maximum. It is also noted that the

swelling of rubber is less if there is some
rubber dissolved in the swelling liquid. Al-

though the mechanism is not entirely under-

stood, this is believed to be largely an osmotic

phenom^nop..—N. J.
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its swelling njaxiniiim much more rapidly than vulcanized rubber (in approxi-

mately 0.1 the time), although its capacity for absorbing the swelling agent

is some two to three times as great as that of the^ latter. Naturally this rela-

tion does not apply to vulcanized rubber containing pigments.-^^^'t

Wolfgang Ostwald-^^ sought a relation between the ability to cause swell-

ing of rubber and some characteristic physical constant of each individual

liquid, and found a very noteworthy correspondence with the dielectric con-

stant, €. The greater the dielectric constant c, the smaller is the ability, Q, of

a liquid to swell rubber. In agreement with this discovery, water (e= k ’5

has very little swelling effect, while carbon bisulfide, (€= 2.26) is, in con-

trast, very effective. With certain notable exceptions, liquids have constants

which can be related by an equation of the following form :

w V Qe = const.

in which the value of n varies from 2 to 3, and the numerical value of the

constant depends on the unit of mass chosen for the expression of the vari-

ables. This equation suggests one of very similar nature by means of which

Walden was able to express a relation for the solubility of several materials

in a large number of organic liquids. Since the electrical polarity, which is

used in the expression for the dipole moment of the molecule, has recently

been recognized as being of importance in the interactions of materials, the

relation between the ability to cause swelling and the dipole moment may per-

haps be considered as of greater importance and more conclusive than hereto-

fore.-*”^'

Later, LeBlanc and Kroger published their opinion that the Ostwalri

relation holds only for a limited series of substances which are chemically

similar, and illustrated their contention by means of a statistical survey, one

of the results of which was that the introduction of sulfur or a halogen into

a substance increased its ability to swell rubber. The rate at which a sample

of rubber swells, according to their results, is strongly dependent at first

on the viscosity of the swelling agent. Carbon bisulfide and mercaptans

possess the power to swell rubber with enormous rapidity, as would be in-

dicated hy their great power of swelling and their low viscosity. Since, in

these hVjuirls. vulcanization proceeds only very slowly under the influence

of such vulcanizing agents as sulfur chloride, for example, their special posi-

Besides the irve^tie-attons mentioned above,
there are also the stu'lis'^ made by A. Dubose
on the ability of rubber to svpell, in which
numerrms references are g-iyen to numerical
data on the increase in weight, the increase
in volume, the maximum swelling, and the
time required for its attainment. Caoutchouc
& initta-pcrcha, 16, 9813, 9845, 9999 (1919).
In a similar manner, F. Boiir investigated
the capacity of vulcanized rubber for swell-
ing, as dependent on the nature of the
swelling agent; Caoutchouc & gutta-percha,
20, 12,010 (1923).

* Translator’s Note. Oil-resisting rubbers are
discussed by W. J. S. Naunton, M. Jones, and
W. F. Smith [/wdio Rubber 446
(1933)1. Since over-milling lowers oil re-
sistance, latex compounds were tested and
found more oil-resistant than milled com-
pounds. Bromine water treatment of the sur-
face of a soft rubber which is not subjected
to mechanical

_
deformation, xnalces it satisfac-

tory for resisting oil. Synthetic rubbers, such
as Duprene, are more resistant to oil swelling
than are

^
natural rubbers. A flexible, oil-

resistant hard rubber can be produced by us-

ing a hard-cured mixture of Duprene in ar

ebonite-type rubber compound. A high cure

with high sulfur content, and with liberal use

of antioxidants, improves oil resistance. Mac-
nesium carbonate as a filler lessens oil swell-

ing.—N. J.

t Translator’s Note. The relation between water

absorption by rubber and the protein content

is discussed by S. J. Skinner and T, J.

Drakeley ITrans. lust. Rubber hid., 7, Ip6

(1931)3, who find that in general, the mois-

ture absorption increases with increasing pro-

tein content. The effects of the degree of

shredding of the rubber, and of the relative

humidity of the surrounding gaseous phase,

are also discussed.—N. J.

^ Trans. Faraday Soc., 9, 35 (1913); KM-
Z., 29, 100 (1921). Compare also Wolfgang

Ostwald, “Die Welt der vernachlassigtOT

Dimensionen.” 267 ff., 9th and^ 10th E4»

Th. Steinkopff, Dresden and Leipzig, 1927.

^ Concerning the definition of the dipole mo*

ment, see the text by Eggert (see p. 413 oi

this book) pp. 11, 165 and 315.

^Kolloid-Z., 33, 168 (1923).
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in the field of cold vulcanization arises from the combined action of a
.^pid swelling ability and a slow vulcanizing ability. Carbon tetrachloride is

iiierior to these substances in this respect, but always distinguishes itself in

r'ne slowness of the vulcanization process which it causes.

\ recent examination of the swelling properties of a synthetic prodnc* 'vchbro-
a polymer of chloroprene, has been made by W. H. Carothers, L

>HlIins. and J. E. Kirby* [J. Am. Chem. Soc., 53, 4203 (1931); Rubber Chcnu Tedi'
5, 7 (1932)]. These authors find for this polymer active swelling ability in carbon tetra-

J]-uride, carbon disulphide, benzine, nitrobenzine, pyridine, ethyl acetate, and ether. Com-
with natural rubber, this polymer swells very slowly and moderately in gasoline

lubricating oils.
_ ^

^

The swelling properties of various polymers of bromoprene are discussed brieflv bv
W H. Carothers, J. E. Kirby, and A. M. Collins [/. Am. Chem. Soc., 55, 789 (1933)':

y^hcr Chem. Tech., 6, 317 (1933)].

The resistance to swelling of /A-poIycbloroprene in oils is mentioned by O. M. Havden
E. H. Krismann [Ind. Eng. Chem., 25, 1219 (1933)].

Rubber Solutions

From the swollen state, rubber may be transformed into the condition of

:i viscous solution by the addition of more liquid, especially with the help

if shaking. The high viscosity of such a solution is in general not only a
rriterion of the technical high quality of the rubber used (though certainly

a reliable one!) but also is in large measure dependent on its prior treat-

ment. On account of this fact, rubber technologists have for a long time paid

Tiarticular attention to the matter of the viscosity of rubber solutions. The
influence of this factor is noticeable particularly in the magnitude of the

ultimate swelling, as was determined by Klein and Stamberger a sys-

leniatic series of experiments on unmilled and ‘‘dead-milled” raw rubber. As
'i result of its long milling, the latter has lost the original high ability to swell

mid thus has a greater tendency to form a solution. In accordance with the

concept of these experimenters previously mentioned, rubber is considered

h possessing an inner framework or structure whose destruction by “dead-

milling” injures its ability to swell. With this weakening of the cohesive

f-rces, there arises an increased tendency to dissolve, because of which, liow-

i‘ver, the exact definition of the resulting solutions is very difficult. Although
the heat of swelling of rubber has been found by L. Hock and L. Hartner
tiihe dependent on its age, and also to be a measure of its degree of aggrega-

tion, yet with rapidly repeated alternate swelling and drying, its value remains

practically unaltered. However, after milling, aged rubber takes on again

the value of the heat of swelling it had before aging. This gives a hint that

in the light of our previous discussion of free and bound micelle forces (or

‘’secondary valences”; p. 433), milling has been shown by the experiments
nf Klein and Stamberger to decrease the aggregation, thus freeing the micelle

forces, and making them available for assisting the penetration of the swell-

in|!: agent.

This explanation is possible on the basis of the aggregation theory of Har-
ries as extended by LeBlanc and Kroger.^^® The uncertainty of the theoreti-

cal explanation of the swelling of rubber is, however, still so great that the

eiperimental facts sought particularly for the development of the theory

must be given more consideration than the theory. Moreover, a truly satis-

* Translator’s note by N. J.

35, 362 (1924). Compare also
Try and Porritt, p. 488 of this text.

Compare L. Hock, Z. Elektrochem., 34, 662

(1928); and further, Fr. Hartner, Disser-

tation, Giessen, 1929, and also p. 463 of this

text
^Koiloid^Z., 37, 205 (1926) and p. 431 of this

text.
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factory study of this matter cannot be undertaken until there is available for

such work a sufficient quantity of pure rubber.
_

When the properties of this

material are known more accurately, the peculiarities of the technical prod-

ucts will l)e easier to understand.

Ill contrast with its solubility, is the ease of precipitation of rubber from its

solutions, a property which is frequently used in the purification of rubber.

Its flocculation from benzene solutions by means of alcohol and acetone plays a

particularly important practical role. W. A. Caspar! has made a thorough

study of the systems rubber-benzene-alcohol and rnbber-benzene-acetone. He
finds that at 20° C an almost complete separation of rubber from its benzene

solution occurs when 80 volumes of anhydrous acetone, or 43 volumes of abso-

lute alcohol, are added to 100 volumes of benzene. With increasing tem-

peralure, the ease of precipitation decreases markedly.^

On the other hand, riibl3er can be used as a protective colloid for unstable

colloids. For instance, E. W. Lewis and H. Waumsley have prepared

colloidal lead sulfide sols in benzene rubber solutions.

Similarly, F, Evers,'^^ by reduction of a dilute solution of rubber in ben-

zene under pressure, and in the presence of finely divided platinum, has ofh

tained highly disperse platinum sols, from which the platinum and rubber

were precipitated together, mainly on the anode, by the application of a po-

tential of 40,000 volts per cm. {Cf. with electrophoresis, p. 493). The pre-

cipitated platinum was easily peptized.

Viscosity

The determination of the viscosity of rubber solutions will now be con-

sidered. In this study, also, it is preferable to use rubber in its purest rav

form. Here also attention must be paid to the resins, proteins, and other

serum substances, to see that they have no effect on the results. In thi>

respect, technically important determinations were made by Eggink and de

who investigated the effect of additions of acid to benzene solutioii>,

and G. S. Whitby who studied the effect on the viscosity, of the addition

of small quantities of organic bases and acids, and also of rubl)er resiiiN

ammonia, etc. Whitby was able to demonstrate a striking decrease in activity

of certain organic bases, notably piperidine, in the presence of rubber. The

observation had been made several years before, both by G. Bernstein

and by F. Kirclihof that small additions of sulfur chloride and of hydro-

gen chloride caused marked decreases in the viscosity of rubber solutions.

Through reaction and adsorption of these additions, the micelle forces will

obviously be utilized, so that their action on adjacent micelles is considerably

diminished, a decreased viscosity thus resulting. As is to be expected, the

previous treatment of the rubber, as in milling, etc., is not without effect on

the viscosity of its solutions, as this also changes the micelle forces. H. R.

Kruyt and W. A. X. Eggink studied the efect on the viscosity of benzol

»/. Chem. Soc., 107, 162 (1915).
J. Soc. Chem. Ind., 31, 518 (1912) and also
Kolloii^Z., 11, 39-41 (1912) and ibid., 40,
139 (1926). In the latter reference, F.
Haurowitz recommends a so-called “repair
solution" as a protective colloid in tlie prepa-
ration of stable metal sols in benzene. See
furtber Chem. Zentr., 2, 103 (1913). There
have been patent advertisements concerning
the electrical atomization of metals in hydro-
carbons to which have been added small quan-
tities of rubber.

^-^Kolloid-Z., 36, 206 (1925).

^W. A. N. Eggink, Rec. trav. chim., 42, 317

(1932). O. de Vries, India Rubber J., 67,

849 (1924).
^ India Rubber World, 70, 795 (1924).

^Kolloid-Z., 12, 273 (1913).

Kolloid~Z., 14, 38 (1914).

^Koninhl. Akad. Wetensch. Amsterdam, Jfjsk.

Natk. Afd., 32, 8-13 (1923). See also Ckm.

Zentr,, 94, IV, 115 (1923^
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.olutions of rubber of the addition of various electrolytes and found decreases

in the following order : HCl, SO2 , H 2S, CH3COOH, HgCL,. With the ad-
ilitiunof ammonia, there occurred at first an increase to a maximum and tlien

a decrease. The effects of aromatic and aliphatic anions were also investi-

^ted. The authors recommended that in order to suppress the effect of the
electrolytes which exist naturally in rubber, a practical comparison must be

made of the viscosities of several rubber solutions to which electrolytes have
added intentionally.

Ilian investigation of the effect of the solvent on the viscosity of rubber
solutions, F. Kirchhof was able to show that differences in the viscosity

of the solutions indicated also differences in the ability of the solvent to swell

rubber. It was shown by Emil Hatschek the stronger the swelling

action, the higher was the viscosity of the sol formed in the same solvent.*

Even in the dissolved state, the rubber particle consists of a sheath filled

with molecules of the liquid phase of rubber. Thus Einstein’s equation fails

to hold when applied to rubber in an attempt to find the relation between the

inner friction and the concentration of the solution. This equation applies to

iyophobic sols. P. Bary attempted to make the equation applicable als(»

tolvopliillic sols. In its original form, the equation read :

7) = r]o (

1

+ 2.5n) ( 2 '!*]

)

which states that the inner friction 7j of a sol may be calculated from that of

the solvent, r]o, if v denotes the volume of suspended matter per unit *:»:

rolume of the solvent. It will be noticed that the inner friction, as defiiieil

by this equation, does not depend on the degree of dispersion of the solid:

yet the swelling of the particles of rubber due to solvation is not considered,

if we assume that the volume Vo of the dry colloid acquires a volume c’

through the process of solvation, where

= z/o (1 + a), •

according to P. Bary’s formulation, the equation (26d) reads

v — "^0 [1 T 2.5 z'o (

1

+ a) ]

Transforming this relation to that for relative viscosities, and placing v;*,

equal to unity, the solvation factor may be expressed as in equation (26e) :

V— 1— 2.5zro

2.5 z'o

In the transition to very dilute solutions, Bary found that the limiting

value for a with increasing dilution was zero. Of course a solvation equilibrium

depending on the concentration must be assumed. The quantity a, which is

*Kolloid-Z., 15, 30 (1914).
-‘®/. Phys. Chem., 31, 383 (1927).
* Translator’s Note. Variations of viscosity with

the solvent, the type of rubber used, the at-
moaphere and with irradiation of the solution,
are discussed in a brief article by B. Dogadkin
and M. Lawrenko [Kautschuk, 9, 97 (1933);
Rubber Chem. Tech., 6, 436 (1933)]. These
experimenters found that between the tem-
peratures of 0“ C. and SO® C,, the viscosity
(relatwe to the pure solvent) of rubber solu-
tions in benzene and xylene with less than 0.3
per cent rubber, is invariant with the tem-
perature. For solutions between 0.3 per cent
and 10 per cent rubber content, the viscosity
of these solutions decreases linearly with the
temperature, within these same limits. The

deduction from these observations is that for

low concentrations, the solution is truly molec-
ular; for intermediate concentrations, the solu-

tions contain micelles of rubber, and at higher
concentrations, there is a continuous rubber
phase present in the solution. Irradiation of

a 1.0 per cent solution of pale^ crepe in xylene

decreased the relative viscosity to a value

corresponding to that for a 0.1 per cent solu-

tion which had not been irradiated.—N. J.

^^Compt. rend., 170 , 1388 (1920).
2^2 This statement applies to such solutions as

that of rubber in benzene, for example. In

the case of gelatin sols, this behavior of a

is not found. In Bary’s language, a is the

“Coefficient de gonflement.” See also Wolf-
gang Ostwald, Kolloid-Z., 23, 68 (1918).
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supposedly proportional to the total solvation of the dissolved material, le-

cause the total solvation is unconditionally dependent on the size of* tl e

micelles, may be considered not only as a measure of the actual solvatior

but also of the average particle size. Apparently there exists, besides tnt

equilibrium depending on temperature and concentration, an equilibrium dis-

tribution betw&n the existing particle sizes, somewhat in the sense of ti>

theory of M. Volmer.^^^ Thus there will always be a dependence of thil

distribution on the solvent.'^^ Following these general considerations, we slird'i

turn to the discussion of those investigations which deal with the practicai

determination of the viscosity of rubber solutions.

The first critical survey of the early literature on methods of determining fn.

viscosity of rubber solutions %vas given by J. G. Fol.^^^ From this survey thi:

observations made with the Ostwald viscosimeter were considered the 'mot
dependable. Inasmuch as the viscosity changes to a considerable degree with

the temperature and the concentration, the exact knowledge of these variable>

and their constancy throughout a given measurement of viscosity is of great

importance. In order to obtain comparable results, Fol suggested that the

rubber be cut into fine crumbs and dried over sulfuric acid in a vacuum
desiccator, and that a known weight of it (say 0.250 g., 0.500 g., and l.Oi'

g.) be treated with 100 cc. of pure benzol. During three days, the swelliiat

material in a brown glass vessel should be carefully shaken twice a day, anh

then filtered through glass wool. Four days after preparation, the sohitirci.

whose concentration is exactly determined by evaporation of the solvent, i-

subjected to a determination of viscosity in an Ostwald viscosimeter, prefera-

bly^ at a temperature of 30® C From the time of efflux of the solution,

relative viscosity can be calculated. For this calculation, the time of efflux

of the pure solvent is set as unity, and it must be noted that the choice o:

the solvent has a very considerable effect on this time of efflux. Varioim

proposals have been made for the further mathematical evaluation of tl:,-

results of this measurement.
Schidrowitz and Goldsbror.gh showed the dependence of the relativ:

viscosity on the conceniraiion by means of a curve, whose form was con-

sidered characteristic of the viscosity of that material. They^ called the rela-

tive viscosity of the solution 2,000 times the slope of the viscority curve at x

concentration of 1 per cent. On the other hand, Fol decided to take as a

measure of the viscosity the area between the curve and the concentratio::

axis between 0 and 1 per cent concentration, terming this the ^‘viscosity num-

ber” of the solution. After several discussions of the manner of designating

relative viscosities, van Rossem-'^^ studied this matter on the basis of ex-

tensive data. He found that the viscosity^ curves for some 500 solutions oi

rubber in benzene did not cross one another when reduced to the same co-

phys, Chem., 125, 151 (1927).
^ Translator’s ^ Note. The structural ‘viscosity
m the lyophilic sol, rubber, has been studied
by W. Gallay [Can. J, Research, 7 , 671
C1932); Rubber Chem. Tech., 6, 371 (1933)]
who finds ijiat there are deviations from
Poiseuiile's law at all concentrations. The
limiting ccncentrations above which structure
becomes evident in the solution, and deviations
from Poiseuille’s law appear, agree with those
calculated from Staudinger’s equation [Z,
angezc. Chem.. 45, 276, 292 (1932)] relat-
ing specific vi-cosity and molecular weight:

= K M
c

where If ff. is the specific viscosity, c the

concentration, M the molecular weight, a:X

K a constant for any one series in the saiiit!

solvent. Exposure to ultraviolet light -By-

found to decrease considerably the visc.)4:y

of a sol of purified rubber.—N. J.

Kolloid-Z., 12, 131-147 (1913). Compare

also the earlier observations of Axlerod.

Gummi~Ztg., 19, 1053 (1905); 20
,

10:

(1905); also that of Eaton, Gummi-Ztg,, Zlt

2071 (1913).

Soc. Chem. Ind., 28, 3 (1909).

Kolloidchem. Beihefte, 10, 83 (1918), in dif

extensive investigation entitled: ‘Later

suchungen des Niederlandischen Kautsciita

Priifungsamtes.”
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rdinates, as is shown in Figure 99. If we accept the material discussed hv

van Rossem, it will be found possible to obtain the “viscosity number” of Fol

jv 3 simple means. It is no longer necessary to determine the entire viscosity-

concentration curve, but only to determine the viscosity of a given concentra-

tion below 1 per cent. From this value, plotted on the axis of Figure 99,

;; is
possible to find directly, or by interpolation where necessary, the charac-

•fristic viscosity curve for the material in question, and with a'simple meas-
urement of the area under the curve through the point plotted, to find the

viscosity number” for the solution. For further particulars of this method,
the original work cif van Rossem should be consulted. It must be noted that

n order to use this method, a viscosimeter of certain definite specifications

must be available, in order that the curves of Figure 99 may be used di-

rectly.-^'^ It is important to exclude bright daylight during this work as the

viscosity decreases considerably in its presence.

Besides the practical significance, there is considerable theoretical value

m the method of van Rossem for the easy determination of the viscosity of

solutions. It is noteworthy that with the analogous behavior of all the curves

-a Figure 99, every single solution may be designated by a definite charac-

teristic number which is represented by the ordinate of the curve at a con-

centration of 1 per cent for the solution in question. In connection with

Baiy’s analytical development of the concentration function, which was men-

i'igure 99~The most probable vis-

cosity curves.

(According to A. van Rossem.)

The curves are designated by their

respective viscosity numbers.)

mti above, it would seem possible to characterize the viscosity of a rubber
“ioliition by the numerical value of a constant appearing in an algebraic equa-
fion, such constant being theoretically closely related to the size and degree of

slvation of the micelles. Considered from the standpoint of molecular
theory, these latter factors determine the course of the viscosity curve.

" R Gorter, Department vom Landbouw
Hijverheid en Handel, i^rededeelinffen over
Rubber, No. 4, 1915, and also Chem. Ab-

10, 2541 (1916) did not accept the
of Fol but described another method.

^ Gaunt [/. Soc. Chem. Ind., 33, 446

I. to 1
the procedure recommended

Fob in investigating the effect on the vis-
of the type of rubber, of the solvent,

tM of variations of temperature, ligrht, etc.

In this work, he found the equation of Ar-
rhenius [Z. phys. Chetn.j 1, 2S7 (^1887) 3 to

be satisfied approximately. If is^ the vis-

cosity at a concentration x, and k is a. con-

stant, this equation reads:

7j k"

and can be represented by a straight line on
semi-logarithmic co-ordinates, in which the

abscissa is x, and the ordinate is k>g
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The iiieasurenients just mentioned are always carried out under definite

standardized conditions. However, as soon as valid general relations between
the viscosity of a solution and the fundamental properties of its component
parts is sought, the work cannot be restricted to definite standards. If the
pressure which forces the solutions through the viscosimeter capillary is

changed according to the law of Poiseuille, then the calculations yield viscosity

values dependent on the pressure. This anomalous behavior of rubber solu-

tions, which has already been noted by F. Kirchhof,^^^ and which manifests
itself also in a dependence of the viscosity on the radius of the capillary used,

as noted by E. Hatschek-'*^ and also by Wolfgang Ostwald,^®® was recently

made the subject of a detailed study by H. Kroepelin.^®^ The results of this

study have by now provided an exact foundation for the discussion of the

measurements of viscosity of solutions of anomalous behavior. If the rela-

tive viscosity is considered as being dependent on the velocity gradients of the

streaming liquid, it is found to be a linear function of the logarithm of these

gradients. This relationship can be confirmed in the majority of rubber
solutions. Should attention then be drawn to the pressure and the radius of

the capillary, by the comparison of various experiments, these quantities

cannot be placed directly in the Poiseuille equation and care must be taken to

compare with each other only those relative viscosities which possess the same
average velocity gradients.

In a less general form, the effect of pressure on the viscosity of rubber

solutions was studied by W, H. Herschel and R. Bulkley,-®- who set up an

empirical formula which was found to hold for solutions of rubber content

varying from 0.1 per cent to 1.2 per cent.

Table 12 .—Dependence of the Viscosity of Rubber Solutions on the Temperature
(according to LcBlanc and Kroger).

Experimental Material: l.STc rubber sols in carbon bisulfide. Time required for the pure

solvent CS 2 to flow through the Ostwald Viscosimeter at 15° C:
7 seconds.

Crepe rubber Para rubber
Temp. Time Temp. Time
°C Sec. Sec.

15 49.4 15 37.4
3 53.8 — 9 44.0

59.4 — 27 58.5— 24 77.0 — 48 134.0— 37 1605.0 — 53 gel

Inyc5tiga.tions on the effect of low temperatures on the viscosity of rubber

solutions have been made by LeBlanc and M. Kroger, showed that

because of increasing aggregation at the lower temperatures, these solutions

change over into a gelatinous mass, somewhat in the same way as though they

had been vulcanized in sulfur-chloride. It is possible to obtain in solution a

“cold vulcanization'^—albeit a reversible one—such as we have already seen

in raw’ rubber. From a quantitative standpoint, this phenomenon is highly

dependent on the quality or variety of rubber used. In Table 12 above are

given the observations on solutions of crepe and hard cure Para. p. 428.)

^'^KoUoid-Z., 15, 31 <1914).

Kaiioid-Z., 13, 95 (1913).

-^Kolhid-Z., 46, 136 (1928).

Kolloid-Z., 47, 294 (1939). This work
coitid not be mentioned until the proof of
the present lxK>k was ready; hence the brief
note.

^ The viscosimeter used in this work was that

of Ostwald or Bingham, Kolloid-Z., 39, 291

(1926).
^Kolloid-Z., 37, 212 (1925), and Z. Ekktn-

chem., 27, 335 (1921). In this latter work

the authors ascertained the relation tetw^
viscosity and vulcanization coefficient m
tions of vulcanized rubber.
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The method described above for measuring the viscosity of rubber soIu-»

by means of the capillary tube fails, however, as soon as the meas-
urements involved concentrated sols. In this field the method of the slowly

falling ball, treated mathematically by Stokes, conveniently used

by various authors. Recently, Abernethy has described a falling-ball

viscosimeter which can be calibrated in e.g.s. units, and with which benzene
solutions containing up to 40 per cent by weight of rubber can be satisfac-

lorily handled.

Recently B. A. Jones* Und. Eng. Chem., Anal Ed., 6
, 80 (1934)] has developed a

useful adaptation of the falling sphere viscometer for routine control work, which
gives measurements in seconds numerically r.pprrvin-rtirg viscosity in poises.

The falling sphere type of viscometer ha- m- di-i-d; in such a way that reliable

measurements of the consistency of rubber cement may be obtained automatically. The
instrument consists of a highly polished steel guide, rigidly clamped at an arbitrarily-

chosen angle of 75° from the horizontal. Along this guide a %'' steel ball is allowed to

fall under its own weight, through a sample of
^

the rubber cement to be tested. The time
required for the steel ball to* fall along the guide for an arbitrarily-fixed distance of ap-
proximately 12" is taken as a measure of the consistency of the rubber cement. The
measurement of the time is accomplished automatically by means of a simple application

of a Grid Glow (glow discharge) tube, as follows: the steel ball is first held by an
electromagnet at the top of the column of rubber cement, but under the surface thereof,

and in electrical contact with both the guide and the pole of the electromagnet. In this

prjsition the ball, operating electrically through the Grid Glow tube and a high resistance

relay, prevents an electric (Telechron) clock from starting. As soon as the operator, by
decreasing the current through the electromagnet, allows the ball to leave the pole-piece,

the electric clock commences to time the fall of the ball as it moves along the guide
through the rubber cement. The electric clock is automatically stopped when the ball

makes contact wdth an electrode at the^ lower end of the guide. Reliability of operation
is ensured because of the extreme sensitivity of the Grid Glow tube to small changes in

values of very high resistance.

This instrument has been shown to give reproducible results with a medium-heavy
petroleum oil, and with rubber cements of low and high consistency. It has been shown
that the instrument gives values of relative viscosity approximately proportional to abso-

hne viscosities over a range from 7 to 1700 poises.

This automatic viscometer is simple and of rugged construction, having been developed
for use as a factory control instrument. It is rapid, time in seconds on the instrument
fdng approximately equivalent to poises. It is well-suited to the measurement of the

viscosity of non-conducting liquids, especially when opaque or very viscous.

The practical significance of the measurement of viscosity of rubber solii-

lions is manifold. Although there exists in a general way a proportionality

between the quality of a sample of rubber and the inner friction of its solu-

tion, the results of test are nevertheless not entirely unambiguous, since the

age and previous handling of the rubber are of considerable significance.

.\lso, the presence of light during the measurements causes a decrease in the

viscosity."®^ However, the change in viscosity of rubber solutions, after

various types of previous handling of the rubber, is often used as a valuable

measure of the changes in aggregation, etc. of the rubber. By such means

^‘Compare also with Fr. Ivohlrausch, “Lehr-
budi der prakt. Physik,” 14th Ed., p. 262,
B. G. Teubner, Leipzig and Berlin, 1923-

^ India Rubber 70, 775 (1925). R. Dit-
mar in Chem.-Ztg., 49, 676 (1925) has fur-
ther described a viscosimeter suitable for
practical use with highly viscous

^
liquids. It

consists of a glass tube which is closed at
the lower end b^y a wire screen of fine mesh.
The time is measured during which a suf-
ficient amount of the liquid runs out to cause
a drop in its surface from one marked level
1o another.

Translator’s note by N. J.
In the light of practical experience, and on

the basis of the occasional failure of such
physical tests as that^ of viscosity, it is still

necessary to vulcanize experimental com-
pounds, and to test their mechanical proper-
ties, if a definite evaluation of the technical
quality of a rubber is to be made. Brief
mention should be given here of the experi-
ments of LeBlanc and Kroger, who measured,
instead of the viscosity of a solution contain-
ing sulfur chloride,_ the time required for
gelation of the solution, and used this figure
as their measure of quality of the material.
IKolloid-Z., 33, 168, 348 (1923) ]. Com-
pare also with W. Greinert and J. Behre,
Kautschuk, 2, 29, 63 (1926).
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the effect of hidi temperature on raw rubber was studied by J. D. Fry and

P D Porritt 287 Heating of raw rubber in the presence of air decreases the

viscosity of the solution, and in a manner proportional to Ae temperature

used and the length of time the rubber has been heated However, it the

1-c carried out m mctio, with particular care in the exclusion oi all

Sfo haling bs carried to 150« C. tvithou. materially

affSng the viscosity of the solution made from rubber so treated. It is

Steworthy that water vapor, hydrogen and nitrogen under the same condi-

ffonVtoe no effect on the viscosity, while oxygen has a very marked ettect,

i e decreases the viscosity.*
, , i

• v . i

The authors came to the conclusion that the decrease m vuscosity ot solu-

tions resulting from the milling or masticating of the rubber may be con-

ide?ed equivalent to that brought about by heating the rubber in air fht

Son is still open, however, as to whether the combined mechanical treat-S and heating during milling do not in some special manner cause the

disaggregation of rubber. {See p. 424.)
u i, * i, i i

^ sn called “degradation” of rubber solutions by heat has been made by

V Fleu^m t 192. 946 (1931) ;
193 , 852 (1931) ; 195, 665

n932P 196^1796 (1933) {Rubber Chem. Tech., 6, 376 (1933)]. These experimenters

flit the decree in viscosity of solutions of rubber m xylene at concentrations ,.i

1 to 5 per cent, and at temperatures of 44° C. and 92 C. m sealed tube b tends tu a

lUitiL value of viscosity which depends on both the concentration and the temperature.

OnfPerils of Lperiments, with 5 per cent concentration solutions, was earned out ur.n.

Uif vfscosity actSlly reached a constant value for the given temperature. This co:i-

tlte viscosity aoiu
j about 10000 hours of heating. The more dilute the suiu-

fforan^the hSefthe tem^rature, the ’shorter the time required. At this limit the viscus-

ity reaches affinal constant value agreeing fairly well with the geneial loiniiilae o.

log,= Kc,

where r is the ratio of the viscosity of the solution to that of the pure solvent c m-:

co Kentration and K a constant for a given temperature. A better agreement with thn

equation was’ found in these experiments at the higher temperature of heat degradat^c-

Finally there are the viscosity measurements of H. Staudmger and liii

collaborators, which were planned chiefly to investigate the properties u;

materials of high molecular weight. In this work, Staudmger was ab e it

draw comparisons by analogy between rubber and polymerization products o;

other simple compounds whose chemical constitutions tvere 'veH^nowr..

Bearing on this same subject are the experiments of A Wehrli - on tk

polymerization of styrene, which was found to give different
J'

pending on the temperature to which it had been heated and the time it

Lbiected to that temperature. In a similar manner, experiments weie macc

on polyindene, polyanethole, etc., by M. Brunner,®^ and Staudipr assemUei.

the material into lengthy reports of the extended researches, torming a nev

division of the knowledge of colloids. He designated those systems ni wlm*.

substances of low molecular constitution (e.g., arspic trisulfide) are u

into colloidal aggregates, as pseudocolloids, arid in contrast, he “med -

eucolloids those substances of such great molecular complexity that no chang

.n. it.!.,

L'8,: Yrans. Inst. Rubber Ind., 3, 203 (1927).

* Translator’s Note. The effects of light and heat

on the viscosity of rubber solutions have been

studied bv C. K. Novotny [Ind. Eiip. Chan.,

26, 170 '(1934)1. The extreme decrease m
the viscosity of gasoline cements, and the

gelation of carlxin tetrachloride cements on

exposure to daylight are discussed from the

standpoint of photochemical reactions. Prac-

tical methods of inhibiting the effects of light

and heat are mentioned.—N. J.

Compare also with p. 481 of this

the investigations of klem and Stambe g

on the effects of milling are discussed,

t Translator’s note by N. J.

2S9 Dissertation, No. 439, Zurich, 1926.

Dissertation, No. 453, Zurich, Ais»
with the work of E. Geiger, Disserta^,

No. 422, Zurich, 1926. ^er also tof^e

publications as noted on p. 454 of this test,

footnote 167.
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from their colloidal state is possible without the simultaneous change of their

fimdaniental chemical character. To this latter class of materials, which even

in their simplest form are still colloidal in nature, belong cellulose, rubber, etc.

Osmotic Properties

The solutions of rubber in the common solvents, such as benzene, benzine,

:arljon bisulfide, etc., are all of colloidal nature. In consequence of this, the
TTpersed molecular aggregates are of very high ‘^molecular weight.” Fre-
iiient determinations have been made of the freezing point lowering of ben-

zene in benzene-rubber solutions, but this effect is so very small that enormous
Tallies have been obtained for the molecular vreight of rubber.^^^i The osmotic
method does not permit a distinction to be drawn between a large single

molecule built up from an enormous number of atoms, and a micelle, or mo-
lecular aggregate whose small individual ‘'building blocks” are held together

^ythe strong van der Waal forces arising from the unsaturated character of

:he isoprene group of the rubber molecule. Obviously, it is impossible for

the solvents mentioned to break any existing bonds. If camphor and menthol
rife used as solvents, as in the w’ork of R. Pummerer,^^^ the freezing point

lowering obtained is considerable, and proportionately lower values for the

molecular weight of the pure rubber prepared by Pummerer are obtained.

Apparently the last-named solvents, which, in contrast with the usual rub-

Itr solvents, are oxygen-containing compounds, cause a loosening of the

micelle forces, with the result that the dipole character of the micelle is fa-

vored. As a result of this, the number of dispersed particles in this solvent is

far greater than that in benzene, thus indicating that the rubber in the benzene
solution is in a micellar form. The molecular weights of sol- and gel-rubber,

ns determined by Pummerer and his collaborators, are of the order of magni-
tude of from 600 to 1200, and in general are smaller the greater the dilution

of the system. Such dependence of the molecular weight on the dilution is

not uncommon. In the case of the solution of ethyl alcohol in benzene it is

milv on extreme dilution that the alcohol breaks down into simple molecular
torm, while in higher concentrations, the degree of aggregation reaches as

high as 6 or 7 molecules per aggregate. It is quite worthy of note that in

menthol as well as in camphor, the most soluble rubber fractions, sol- and
;iel-rubber, show the same average molecular weight, so that in reality, these

molecnlar weights cannot well be doubted.^®^ A degree of uncertainty can
ahvays be ascribed to the absolute values of such results, and further dis-

cussion of them must be limited to the use of their order of magnitude only.

Thus values of 10^ and 5x10^ are substantially of the same order, as compared
with the figure of 10® obtained for the micelles of rubber in a benzene solution.

After the recent discovery by Pummerer that in the process of freezing

Hmrichsen and Kindscher obtained molecu-
lar weights in excess of 3000. According
to recent results, however, the purity of the
rubber obtained from latex for this work
was considered doubtful. Refer also to Ber.,
42, 4329 (1909),

60 , 2167 (1927).
^Kurt H. Meyer and H, Mark feel that the
molecular weights obtained by Pummerer,
Mtrary to their own expectations, are too
iQW. JSee Ber,, 61 , 1945 (1928)]. The

of the absolute values determined
acknowledged or discredited on

ttte basis of experimental work. It is v<rorthy
ot mention that G. Fromandi, using both pure
aatural rubber and synthetic rubber, obtained

higher values for the molecular weights. But
he has admitted that his determinations are
less acceptable for their absolute values than
for their relative values. See L. Hock, Z.
Elektrochem., 34, 664 (1928) and also G.
Fromandi, Kautschuh,^ 4 , 185 (1928). See
also Froniandi's detailed Dissertation, Gies-

sen, 1928 , and Kolloidchem. Bethefte, 27 , 189
(1928).
Cf, lectures delivered by Pummerer and H.
Staudinger at the main meeting of the
Deutschen Kautschukgesellschaft in Hanover
(May, 1929), which are published in Kaut~
schuk, S, 94, 126, 129 (1929). Pummerer
mentioned further the formation of charac-

teristic, fiber-like rubber structures from very
cold ether solutions.
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benzene from a rubber solution, small bodies of rubber also separate and
form a mixed phase with the benzene, it is possible that the molecular \vei<dit

determinations using menthol reqtiire a certain correction, because strong

solvation of the rubber might reduce the amount of free solvent to a con-

siderable extent. This correction is at best only a few hundred per cent in

magnitude, so that it might not make any appreciable change in the order of

magnitude of Pummerer’s results.

In contrast with these discoveries, H. Staudinger stated that in

order to determine the molecular weight of materials of such high molecular

weight as rubber, all the chemical and physical properties of the substance

must be taken into consideration. He also stated that the assumption of much
larger molecular aggregates is essential, so the osmotic measurements, which
appeared very important in his estimation, still could not be considered as

conclusive, especially since it is uncertain whether or not an anomalous action

is taking place. It would be advisable to abandon even the investigation of

the pure chemical constitution of rubber until a final explanation is found fcir

this serious disagreement in molecular weight determinations. Nevertheless,

there are certain physico-chemical considerations which are essential to such

an explanation.

Even if the relatively low molecular weights as determined by Puininerer

are accepted, it is nevertheless true that the behavior of rubber in the solid

state and in the usual solvents makes the existence of large molecular aggre-

gates seem very reasonable. In the close analogy between valence and co-

hesion which exists particularly in rubber, we see that there is no basic

importance to the question as to the origin of the forces which are responsible

for the formation of the typical micelles, whether these be of a physical or

of a chemical nature. Besides the principal valences which hold together the

atoms of the molecule, there are without doubt fields of force which always

tend to the formation of larger micelles, whenever no quasi-chemical inter-

vention by the solvent, as in the case of menthol, prevents such formation.

From the viewpoint of valence chemistry, the elementary molecules of rubber

existing in menthol, for example, must still possess an inherent tendency to

recombine into larger bodies or micelles. The apparent reason for the exist-

ence of relatively small rubber molecules in such solvents as menthol is that

the molecules of the solvent are capable of interacting with the fields of force

which surround the rubber molecule because of its unsaturation. This inter-

action of the solvent with the rubber in no way changes the inherent tendency

of the rubber molecules to recombine into larger micelles, on removal of the

solvent. Thus the existence of smaller molecules of rubber in such solvents

as menthol represents only a temporary^ condition imposed by the solvent.-^'

Actually, rubber which has been dissolved in menthol or in camphor, as soon

as it is again dissolved in benzene, gives an indeterminately large molecular

weight, showing that it has not been decomposed. It would appear that all

opposition to the concept could be removed, if the physico-chemical aspect

-“See Kantschuk, 3, 237 (1927). These con-
victions are based on the investigations of
Srauding-er and his collaborators; Ber., 59,

3019^ (1926); Z. phys, Chem., 126, 425
fI927), and also Kautschuk^ 1 (Atig. and
Sept., 1925). See also the bibliography on
p. 454, footnote 167.
Even if Meyer and Mark are, correct in their
opinion that the order of magnitude of the
molecular weight is 5,000, this value does not
seriously affect these considerations, since the

micelles, considered to be large molecular

aggregates, must always appear^ of consider-

able magnitude as compared with the pna*

cipal valence chains. Cf. the following de-

terminations of the ^osmotic pressure and sf

the weight of the micelles.

Concerning the theoretical calculations of tie

intermolecular forces of organic compouiios.

see Manfred Dunkel, Z. phys. Chem,, A13o»

42 (1928).
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ivcrc cotisidGred in tlic nmnner described, a,nd if the existence of small as

weli as very large molecular aggregates were conceded. This incidentally

ivould simplify the explanation of the fiber structure of stretched rubber.

The chemical structural formula to be set up must take into account both
cases. At the same time that the relatively small molecular weight in menthol
is conceded, it must also be remembered that rubber, even in the pure, free

state, tends to exist mainly in the form of micelles even larger than those

which are observed in benzene. In the sense of Staudinger, rubber as a

eucolloid, when not under the influence of the fields of force of the polar
molecules of a solvent, because of its particular chemical constitution, cannot

exist by itself in any other form than that of aggregates of extremely high
molecular weight, whose existence is not accidental, but is unconditionally

essential because of the manner of union of its molecules and atoms. Along
with the formation of these “giant molecules,’’ there must be a compatible
reversible dissociation process which does not completely destroy the chemical

nature of the substance, and which can be caused to take place^by the use of

polar solvents, such as menthol and camphor.

If the double bonds of rubber are partially saturated by cyclization, as was
accomplished by L. Hock and G. Froniandi in progressive steps in the

dissolved state by means of the silent discharge, then the viscosity of the

rubber solution will become less, in direct proportion to the degree of iin-

satiiration of the rubber. This decrease in viscosity permits the conclusion

that the micelles have become smaller. Here again a close relationship be-

tween the chemical constitution and the colloidal properties of the rubber
becomes evident. This must not be overlooked, and must sometime be ex-

plained by the new structural chemistry.

At the inducement of Meyer and Mark, Fikentscher determined the

osmotic pressures of rubber dissolved in benzene and chlorbenzene, after

similar measurements had been made at the request of Pummerer by Kroepe-
lin,3oo found micelle weights from 30,000 to 50,000. The direct deter-

mination of the osmotic pressure by means of semipermeable membranes
was recommended for these high “molecular weights” in preference to the

possibly unreliable determination by means of the freezing point lowering.

Fikentscher chose for his experiments a membrane of porcelain, which was
impermeable to rubber, and measured at 7° C., in the usual way, the height

to which the liquid rose in a tube over the membrane. In calculating the

molecular weight he considered the solvation of the rubber, because he used
the van der Waal modification of the equation of van’t Hoff. He found
that in solvation, 1 gram of rubber was able to take up 20 to 40 grams of the

solvent.®®^ The calculated molecular weight was of considerable magnitude.
It was found to be largely dependent on the temperature used during the ex-

periment, and on the kind, age and previous handling of the rubber.^^-

Therefore, statements of various authors as to molecular weights are not

comparable without further information on experimental detail. A crepe

rubber (of nitrogen content 0.54 per cent) treated with alkali and dissolved
in benzene, gave a molecular weight approximating 160,000, and the same

JSee the references in the footnote 129, p. 433. also R. Zsigmondy, Z. angew. Chem., 39, 401

61, 1946 (1928). The first experi- (r926).^
^

inents of this type had been performed by Kautschuk, 3, 233 (1927). ....
W. A. Caspari, /. Chem. Soc., lOS, 2139 ^oi Concerning the solvation power of colloids,

(1914). In this work, clay cells were fitted see the experiments on gelatins made by J.
With semipermeable membranes of vulcanized Eggert and Reitstotter, Z. phys. Chem., 123,
^bber. The average micellar weight was 363 (1926).

^ ^ ^ -
foiittd to be of the order of 1x10®, as de- Cf. the investigations of swelling and aggre-
tomined in benzene-rubber solutions. See gation in the previous section, p. 481.



402 PHYSICS OF RUBBER

value also in chlorliciizciie. An untreated crepe rubl^er with nitrogen content

of 1.05 per cent, gave in benzene a inulecular weight of 300,000, but i*:

chlorbenzene, 185,000. The aggregation of the pure rubber prepared bv

Pumnierer from latex could undoubtedly be completely broken down.

At the same time that ]\Ieyer and j\Iark were interested in osmotic experi-

ments, H. Kroepeliii again took up their work involving the height tc

which osmotic pressure caused a liquid to rise. He used the various kinds

of pure rubber which were at his disposal in the laboratory of Pummerer. Jr.

these experiments, as well as in those of W. Brumshagen, collodion mem-
branes were used after the manner of Bechhokl. The calculation of results

was carried out on the same basis as that used by Meyer and Mark, even to

the point of finding the micelle weight at C. and 40° C., as these authors

had dune. The order of magnitude of the micelle weight was found to be

2x10^ being however much greater at 11° C. than at 40° C. On account of

the extraordinarily strong solvation of rubber, it is, however, not easy tc

decitie whether the measured pressures are solely osmotic in nature, or

whether they are to be considered as swelling pressures. Kroepelin and

Brumshagen were able to describe their observations also by means of the

e(|uatifm for swelling pressure as given by Freundlich {see p. 475)

:

log /) = a log c + 6

in this equation, they found the values at 11° C. to be: a =1.7, and h~
— 0.38; and at 40° C. : a— 1.8, and h=— 0.29. In a similar manner, the

results of Duclaux and Wollman,^®^ and those of Meyer and klark, as well

as those of Fikentscher, can be represented by straight lines on double

logarithmic coordinates, as shown in Figure 98. There is thus some uncer-

tainty as to the interpretation of the experiments on the osmotic rise.^^'*

Further experiments on rubber in the dissolved state have been made by D.

Kruger who showed to what extent the diffusion of dissolved rubber fol-

lowed the diffusion law of Fick.^®*^ Through a knowffedge of the diffusior.

cuetffcieiit, it is possible, with the aid of an equation developed by Neriist.

Einstein and Plerzog,^^^ to obtain a measure of the size of the molecules of c

dissolved substance of high molecular weight. As was to be expected, the

results of Kruger show a great scattering. Extremely variable values of the

calculated diff'usioii coefficient result from measurements taken in individual

dittusion layers. The meaning of the individual results is thus entirely sec-

ondary in importance to the general impression that the rubber exists ir.

micelles of molecular weight of the order of from 10,000 to 100,000. Of the

same order of magnitude are the molecular weights as determined by Pnm-

merer on the basis of diffusion experiments with rubber in benzene.

If the great scattering of individual results of diffusion measurements does

not permit the determination of any reliable micelle weights, there is never-

theless the possibility of using diffusion methods for the separation of micelles

of different size. Obviously, the micelles will never be all of one size, hut

will exist in a range of sizes. This has been theoretically formulated for a

Kroepelin and \V. Brumshagen, Ber., 61 , osmotic rise than before milling, in spite of

2441 (1928)*, Later, H. Kroepelin, Kolloid- the fact that after “dead milling” an b-

Z., 47, 294 (1929); see also Haller and crease in the degree of dispersion must w
Trakas, ibid,, 47, 304 (1929). assumed!

^^Compt, rend., 152, 1580 (1911). Gummi-Ztg., 42, 1471 (1928) ; see also R. 0

See also the discussion by Pummerer in Herzog and D. Kruger, Nat%rmssensAnjti^,
Kantschiik, 5, 129 (1929). A striking fact 14, 599 (1926).

. ^ «

mentioned here deserves special attention. See Eggert, “Lehrbuch der physik. (Jneoie,

**Dead milled” rubber actually shows a de- 2nd ed-, p. 197.
crease in its viscosity, and also a smaller ^ Ibid., p. 228.
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;;niple colloidal system by M. Volmen^o^ Besides, H. Kroepelin sio pub-
'hhd a new procedure for diffusion experiments.

The above-mentioned equilibrium, as well as the very closely related solva-

Tiii equilibrium, is naturally dependent on temperature. (6^^^ p. 483, Bary’s
pi-iiiation.) With slow temperature changes, it suffers readjustment. With
ctidden ^‘quenching’’ of heated solutions, an equilibrium may be arrested
"“frozen”) in a form really corresponding to a higher temperature. R. Pum-
nierer^^" studied these relations by means of viscosity measurements, and
loiiiid that slow cooling resulted in viscosity of the rubber solutions cor-

responding to that at the lower temperatures, and that rapid cooling resulted

;n viscosity of the rubber solutions corresponding to that at higher tempera-
tures. These experim^ents in particular seem to provide a valuable support

for the micelle theory of rubber.

Electrical Properties

It is possible to distinguish, not only voluntary diffusion, but also the move-
ment of dissolved materials under the influence of an electric field. This
movement is called electrophoresis. It was first noticed by V. Henri that

latex particles in an electric field migrate towards the anode, and may thus
Reconsidered as carrying a negative electric charge. From these observations,

T. Cockerill,^^^ followed by Sheppard and Eberlin,^^^ developed a process for

the electrodeposition of rubber from latex or from water emulsions. In this

process, if negatively charged pigments are suspended in the liquid, a complete
riibl^er compound may be deposited at one operation. With the further techni-

:al development of the process, which as such will be mentioned only briefly

::ere, further work was carried out on the scientific aspect by S. E. Shep-
rard.^^® He found that the latex particles carried a negative potential of 35
millivolts, and possessed a migration velocity of 2.7x10*^ cm. per sec. per
V'jit per cm. Their electrophoretic velocity is thus quite similar to that of

nrinv other materials which exhibit this property.

In benzene solution, however, no apparent electric charge was found by
R. H. Humphry and R. S. Jane.^^*^ In order to observe electrophoretic mi-

cration in these colorless sols, they used the “streak method” (Schliereii-

metliode) of A. Toepler.* The use of this method for this purpose had been
uoposed earlier in an incidental manner by L. Hock.^^^ In case the sols are

:’0t perfectly dry, the rubber particles may assume either positive or negative

-Rarges.

By precipitation of synthetic rubber which had been produced by silent

Rectric discharge in decalin solution, G. Fromandi obtained a quite stable,

niilky emulsion on the addition of acetone. In this material, particles were

^Z. phys, Chem., 125, 151 (1927).
^^Kolloid-Z., 47, 294 (1929).

Concerning this subject in general, see th(

above text by Eggert, pp. 253 and 442.
^Kautschuk, 5, 129 (1929).
® Cornet rend.. 144, 431 (1907).

See Clignett, ^‘Rubber Recueil,*’ p. 377, J. H® Bussy, Amsterdam, 1914. Also T
Codserill, India Rubber J., 37, 331 (1909)
Bnt Pat, 21,441 (Oct. 10, 1908) and Ger
Pat, 218,927 (Oct. 11, 1908).
Inih Rubber 70, 21 (1925); and Shep
gri India Rubber World, 73, 193 (1926)

Age (M. Y.), 21, 76 (1927); Mature
U9, 129, 393 (1927).

ai® Trans. Am. Electrochem. Soc., 52, 47
(1927).
Kolloid-Z., 41, 293 (1927).

* Translator’s Note- The German edition refers

to Fr. Kohlrausch, “Lehrbuch der prakti-

schen Physik,” 14th ed,, p. 310, B. G. Teub-
ner, Leipzig and Berlin, 1923. The trans-

lator submits as a supplementary reference
describing a similar experimental technique:

C. Camichel and P- Dupin, /. RheoL, 3, 415,
420, 422, 427 (1932). — N. J.
Kolloid-Z., 37, 365 (1925). A note m dis-

cussion of a paper by Kruyt, ibid., 37, 358
0925). .

Dissertation, Giessen, 1928. This work ap-

peared also in Kolloidchem. Beihefte, 27, 189

(1928).
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seen under the microscope to be in lively Brownian motion. Under the in-
fluence of an electric held, these particles showed their negative charo-e bv
migrating to the anode.

^

Optical Properties (Absorption Spectrum)

As would be expected from the absence of color of rubber sols, there are
no absorption bands in the visible region. It was first determined bv S. I

Lewis and B. D. Porritt that no absorption bands existed at wave lengths
greater than 270 niju, in the case of pure rubber. An extensive study of the
spectral behavior of completely purified rubber in the ultra-violet re^-ion was
made by G. Scheibe and R. Pummerer.^^^ This work, on the one hand, should
indicate whether it is possible to control the purification of rubber by optical

means, and whether the separate fractions can be identified by similar means;
and on the other hand, should provide a basis for the explanation of the
chemical constitution of the rubber hydrocarbon. The present discussion
will be restricted to the statement of the experimental facts, which will be
used elsewhere in the text.

Figure 100—Absorption spectra of various rubber
preparations (along with those of some similar

materials).

(According to G. Scheibe and R. Pummerer.)

1. Diallyl.

2. Trimethylethylene.

3. Dimethylbutadiene.

4. Latex, purified with NaOH, by fractional pre-
cipitation.

5. Latex, uncoagulated.

6. Latex, purified with NaOH.
7. Sol rubber.

S. Isoprene.

The solvent used, hexahydrotoluene, distinguished itself by good optical

transmission into the far ultra-violet. The solution of the various rubber

samples was carried out with careful exclusion of air, using an atmosphere

of carbon dioxide. The concentration of the solutions was expressed in

terms of mols of isoprene per liter, since the actual molecular weight of rub-

ber was unknown. From the measurements it was possible to calculate the

molecular absorption coefficient k whose common logarithm is used as the

ordinate in Figure 100. The abscissa of this graph is the corresponding

wave-length in millimicrons (mjx).

32®/. Ckem, Tnd., 40, 18T (1921).

60, 2163 (1927). See also Pummerer
und Koch, p. 237 of this text.

3" The definition of the molecular absorption
coefficient is as follows: k denotes the recip-
rocal thickness of that layer of material, in
cm., which, in a concentration of 1 mol/1..

must be used to weaken the intensity of &
light passing through the layer to 1/10 of its

incident intensity. See also F. WeigeTt,

“Optische Methoden der Chemie,” Alaa

Verlags-Ges., Leipzig, 1928. In this W
are treated both the theoretical and pract»l

aspects of this type of measurement Stt

also the text by Eggert, p. 475.
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Curves 4 to 7 are for rubber preparations; the others for materials which

jiiav well be compared with rubber with respect to their optical behavior.

Fr^the graphs for rubber of different degrees of purification, the conclu-

sion may be drawn that the steep part of the curves above log k= 2 follows

the same course for all sorts of rubber. It is thus possible to identify curve 7,

taken for sol rubber, with pure rubber itself. The graph indicates that ap-

preciable absorption occurs only below 240 m/^, and that the maximum absorp-

tion exists at about 200 m/x. It is worthy of note that purified gutta-percha,

also dissolved in hexahydrotoluene, showed complete agreement with the

absorption curve of pure rubber, a fact which indicates that the number and

type of double bonds in both cases must be very similar. The effect of the

double bond on the absorption curves of comparable compounds is shown in

curves 1 (diallyl
;
two double bonds separated by carbon atoms), 2 (tri-

methylethylene ;
one ethylene group), 3 (dimethylbutadiene; conjugated

double bonds) and 8 (isoprene, which differs from the last named methyl-

isoprene [dimethylbutadiene] only by a slight shift of its absorption curve

towards the ultra-violet).

There are no measurements of the dependence of the absorption spectrum

of rubber solutions on the nature of the solvent. Such measurements would
doubtless prove interesting and useful in further clarifying the matter of

molecular weight, which was discussed on page 490. This would he par-

ticularly true if the choice of solvents included those with large dipole mo-
ments, such as menthol, octyl alcohol, etc., which penetrate rubber very thor-

oughly. In hexahydrotoluene, which must possess only an insignificantly small

dipole moment, rubber becomes dissolved without doubt in a micellar manner,
much the same as it does in benzene, which has no dipole moment. Thus the

absorption spectra given will apply equally well to rubloer dissolved in ben-

ztne. With the use of menthol, etc., one would expect to find different

results.

Rubber as a Dispersing Medium for Solid Substances

(Theory of Filler Reinforcement)

Experimental Facts

Experience has shown that the addition of the so-called “active fillers” to

rubber improves its mechanical properties. The effect is especially striking

in the case of certain kinds of gas black, of zinc oxide, clay, basic magnesium
carbonate, and other additives. The work required to rupture such a mixture,

when calculated to the same rubber content, is very much greater than that

required for a filler-free vulcanizate. It has been found that this “strengthen-
nig'’ action of active fillers constitutes a specific property of each such sub-
stance and in general is the greater, the finer the state of subdivision.

Although the art of compounding technical rubber mixtures is specifically

concerned with the selection of the ingredients, with respect to both kind and
amount, for obtaining a product of the desired properties, correlated and
generally accessible facts concerning the influence of the different fillers on
the properties of the vulcanizate are still lacking. Insofar as the results of
the earlier investigators in this field have been published, they lack so much
m theoretical foundation and treatment that no deep insight into the mecha-
nism of filler action can be obtained from them.
Nevertheless, the older investigations unquestionably have historical sig-

aifiance, for, in addition to transfliitting the empirical art of compounding,



496 PHYSICS OF RUBBER

they cuiistitiited the first attempts to develop a system that would establish

the"^ influence o£ each compounding ingredient, both in kind and amount, on

the mechanical, chemical, electrical, and other technically important properties

of vulcanized mixes. This goal has not yet been reached, even today, and, in

spite of some very fine and important partial results, actual experience stii’

plays the essential part in the practical work of the rubber technologists.

Unmistakable, however, is the influence which the scientific method of attack

on these problems has had upon the continuous increase and enrichment in

the quality of the experimental results. If they had been guarded carefully as

an art and carried forward as a professional tradition, they would not have

l)een the source of such significant and far-reaching developments as have been

observed in the last ten years, thanks to the growing recognition of the vain-

uf scientific research and the profitableness of a well-equipped laboratory.

In this summary, the physical and physico-chemical aspects will be emplia-

sized. Questions of compounding, which are so important in rubber tecli-

nology, will therefore be alluded to only insofar as they have theoretical

significance from a physical standpoint. Nevertheless, since it is proposed

to delve deeply into the theory of filler action, reference in a very general wav

to the most important and useful rubber fillers should not be omitted.

The common conception that fillers are solely diluents and, economically

considered, are cheapeners for rubber, is entirely wrong, though in certain

cases and for good reasons they must fulfill these functions. Quite often the

price of a filler, which cannot be left out of a compound for definite reason?,

is higher than that of the rubber itself. Besides, it does not necessarily follov

that the dilution of rubber with fillers always results in a deterioration of

valualile properties. On the contrary, those fillers which are most important

technically may give to the mixture properties which often surpass those of

the corresponding pure-gum mix, properties which cannot be developed front

rubber alone. Aside from these generalities, there is in every case some

definite requirement placed upon the mixture. This may be one of color, of

stability towards chemical reagents, of electrical insulating properties, of tht

greatest possible or again, of the least possible, extensibility. It may consi?:

ill the degree of the elastic after-efltect, in the abrasion resistance, in the

strength, hardness, or compactness, or again, in the stability on storage cr

behavior under conditions of low temperature or intense heat. In short, there

are a thousand requirements which are prescribed by the application uf tla

product. Usually several of these requirements must be met in a single mix-

ture. The art of the compounder, however, consists not only in fulfilling

these technical conditions, but also in complying with the economic require-

ments, a task which is of very great importance. In fact it is often much

easier to make a remarkable product, if it may be an expensive one, than ci

cheap one on which considerable demands are made. However, the compo-

sition and nature of a mixture are determined not only by the properties

required in the finished product, but also, often to a limiting degree (aiio

sometimes in a sense directly opposed to the ultimate object), by the condi-

tions imposed by the method of fabrication. It may perhaps be imperative

that a mixture in the raw condition be characterized by high tackiness, or that

it shall have the minimum tackiness, or that it be sufficiently plastic to h
tubed, or that it be sufficiently rigid in the raw condition not to collapse, or

tliat it shall comply with whatever other limitations the manufacture of Av
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intermediate steps places upon the properties of the mixture/'^ Wlren it is

considered that the number of commercially applicable fillers is not small,

and that in most cases they are not employed separately, but jointly with

.several others, in which case they do not always behave in an additive

manner ** then the immense number of possibilities, as well as the extent of

the difficulties which limit the compounding, are evident. Today more than

ever before the efifective performance of a product is the first technical re-

quirement, and intuition, experience, and unflagging perseverance in investi-

gation still remain the most important qualifications for the chemist in han-
ging the difficult and responsible task of developing the compound.
The following enumeration of the more important fillers is not the place

iiiwhich to discuss their often highly diversified effects
; a survey which points

out the existence of certain typical groups of fillers is sufficient.

Aside from the case of cold vulcanization, sulfur is almost always the in-

dispensable constituent of the mix, since it is of first importance in the

vulcanizing process.

If the compound must have exceptional “nerve’' and have the property of

absorbing a large amount of energy, it requires the addition of one of" the

so-called “active” fillers. Among these active fillers carbon black stands at

the head of the list.f There are many kinds of carbon black, ditfering widely

in both physical and chemical properties. Reference is made especially to the

oil blacks and, besides these, to the American gas blacks, which are obtained

from natural gas by incomplete combustion or—in the case of the so-called

thermal decomposition l^lacks—by pyrogenetic decomposition. As a rule

the activity of a given filler increases with increasing degree of dispersibility

or dispersiveness$ ;
in this, the particle size is not alone the determining

factor; of greater importance are the specific surface relations. This will be
discussed in greater detail later.

Besides carbon black, zinc oxide, which appears on the market in several

degrees of fineness, is an outstanding active filler, as are also basic magnesium
carbonate and certain clays. Zinc oxide has further significance in being an
activator for organic accelerators. On the other hand, there are the cheap
compounding ingredients, which act chiefly as diluents. Chalk and barytes

belong to this class of materials, as does also infusorial earth, which, like

barytes, finds application in acid-resistant mixes. § An artificially prepared
colloidal silica, wffiich may also behave as an active filler on account of its

dneness, also serves this same purpose, that is, imparts acid resistance.

* Translator’s Note. In this connection the

^
recent work of W. F. Busse and J. M.
Davies, presented at the Chicago meeting of
the Rubber Division of the American Chemi-
cal Society (September, 1933), is of interest.
These investigators have shown that a master-
batch of_ rubber and carbon black slowly in-
creases in stiffness on standing at ordinary
temperature,

_

and more rapidly when the
niasterbatch is heated subsequent to the mill-

„ operation. — N. A. S.
Translator’s Note. As far as the translator
ts aware, no satisfactory proof that the blend-
mg of pigments produces more than purely
^itive results has been published.—N. A.^ S.

t Translator’s Note. For an extensive review
and bibliography on the use of carbon
ouck in rubber, see N. A. Shepard, *‘Carbon
Back in the Rubber Industry” (in J. A.
vj^^^ider, “Colloid Chemistry,” Vol. IV, p.
W9-3S0, Chemical Catalog Co., Inc., New
VoA 1932)._N. A. S.

f translator’s Note. It is believed that this is

an accurate translation but an inaccurate
statement. In the translator’s opinion the
correct statement would be: “The greater the
difficulty in dispersing a given piigment, the
greater, as a rule, is its activity.” Perhaps
what the author had in mind was that the
reinforcement of the rubber-mixture increases
with the increasing degree of dispersion of
the active filler. — N, A. S.

§ Translator’s Note. Recently a comprehensive
con’pnrisor* of the -efnfi'^-cinor vpJne of pow-
‘.ivr.i !iir "ubbi-" li.'i.' bo«.i: pi:-).;-’ oi. by A. A.

I., '.r;; Jr:rb;';r .V.Tl.s-, 3, No. 3

(1933)]. Using tensile strength as the meas-
ure of reinforcement, the samples of channel
black, magnesium carbonate, zinc oxide, clay
and treated whiting were definitely reinforc-

ing in effect; blanc fixe and titanium dioxide
showed slight reinforcement; and lithopone
and a sample of thermal decomposition black
were neutral in effect (23 -volume loading).
Ordinary whiting and talc acted solely as
fillers. — N. A. S.
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Besides the organic accelerators, which are used only in low concentration
the inorganic accelerators, among which litharge and magnesia are the most
important, have been used for a long time.

The color of the mixture is influenced by the addition of pigments. The
blacks, mentioned above, are used for producing gray, bluish and black colors.

Litharge may be applied for a similar purpose, since it reacts with the sulfur
to form the black lead sulfide.

Lithopoiie, which is a mixture of zinc sulfide and barium sulfate formed
by simultaneous precipitation, as well as zinc oxide and especially titanium
oxide, all have remarkable covering power. These white pigments, because
of their high indices of refraction, are only slightly masked by the rubber
and therefore have, according to Twiss,^-^ especial covering power, while
whiting, magnesium carbonate, alumina, and some other substances have re^

tractive indices only slightly different from that of rubber, and therefore

only slight covering power. For a given pigment, covering power increases

with decreasing particle size. Extremely small particle size accounts, in large

measure, for the blackness of the carbon blacks.^^^

The antimony sulfides produce red colors. Usually they contain more or

less free sulfur in addition to the trisulfide or a mixture of the tri- and
peiitasiilfides. To a lesser extent, red or brown colors are o])tainecl with ferric

oxide.* Mercury sulfide is a very valuable red pigment of special brilliance.

Green, yellow, and other colored rubber mixes are also made for special

purposes. These colors are often obtained by the addition of organic dyestuffs

which are stable under the conditions of vulcanization, but there are also

available the important mineral pigments, the green chromium oxide, the

yellow cadmium sulfide, and the blue ultramarine.

Factice in its different forms is also of importance as a compounding in-

gredient for rubber. Brown factice, in the form of elastic blocks which

crumble under pressure, is obtained by the action of sulfur on the hot

glycerides of unsaturated fatty acids, especially rapeseed oil
;
white factice is

formed by the reaction of sulfur monochloride on the cold oil, in a manner
similar to the cold vulcanization of rubber. Pastes consisting of colloidal

dispersions of factice in water, which make factice suitable for mixing

directly with latex, have recently also found application. Besides its impor-

tance as an elastic filler, factice has a retarding effect on vulcanization. At

the same time, it acts as a so-called “softener,’’ plasticizing the uncured stock.

Finally, reclaimed rubber, prepared by one of the many mechanical or

chemical processes, is an important compounding ingredient which should be

classified along with factice and other fillers, in that it also forms only a

heterogeneous mixture with the rubber. The rubber hydrocarbon contained

in these regenerated rubbers—which never lose certain of the properties of

a vulcanizate—does not blend with the new rubber to form an homogeneous

mixture.^-®

Materials designated as softeners are used in mixes prepared from tough

plantation rubbers, in order to improve the processing on the mills, in the

India Rubber 65, 607, 651, 693 (1923).

Cf. L. Hock, Kautschuk, 4, 266 (1928)

;

F- HeWer, KoUaid-Z., 41, 365 (1927); and
F. V. V. Hahn. “Dispersoid Analysis,’* p.
123, Stdnkopff, Dresden, 1928. ,

3^ Cf. also L. Hock, Kautschuk, 1, 11 (Dec.,
1925 ),

* Translator’s Note. In America red oxides
have largely replaced the antimony sulfides in
the manufacture of red articles.— N. A. S.

For a factice-like product obtained by elec-

trical discharge, “Voltol Factice,” see L.

Hock, Kautschuk, 2, 65 (1926); also C. L
Nottebohm, Dissertation, Giessen, 1929, ana

L. Hock and C. L. Nottebohm, Kolloidchem.

Beihefte, 31. 185 (1930). See also B. C.

J. G. Knight and P. Stamberger, /.

Soc., p. 2791 (1928).
The particles, suspended in a large amount

of water, exhibit Brownian motion.
See page 429, footnote 120.
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tubing machines, etc. Their action consists in an influence on the: inter facial

forces at the surfaces of the rubber and the pigments * Among these softeners

arc bituminous substances (asphalts), which in general are incorporated in

very considerable quantities in the mixtures and which themselves undergo
a sort of vulcanization ; also, other materials, which even in small amounts
have the desired effect, as for example, certain glycerides, higher fatty acids
(stearic acid), mineral oils, paraffin, vaseline, rosin, tar, rubber resins, rosin

oil, and other naturally occurring substances or preparations.

In order to suppress the deterioration of rubber mixes on aging, brought
about by oxidation, the so-called “antioxidants” are added; for example,
nitrogen-containing bases of the aromatic series, paraffin and certain spe-

cial preparations. Many of the materials mentioned as softeners fulfill this

purpose.

Since the success of a mixture is dependent in high degree on the number
and kind of fillers used, the selection and testing of them is of special signifi-

cance. Often the physical aspects (particle size, etc.) play a more important
part than the chemical characteristics. As a result, the study of the fillers

has special significance, as has been emphatically pointed out.^^° It is im-
possible, however, to give more space here to this closely related subject.

Special attention has to be given to the careful mixing of the pigment in the

rubber and to its uniform distribution in this medium, as well as to the state

of the pigment itself. There exists in this field an extensive and valuable

literature which can only be briefly mentioned, since our attention in this

connection must be given only to the general physical features and not to the

technical details, however important they may be.^^^

While in the earlier days the application of fillers was dealt with only from
a purely empirical point of view, C Heinzerling and W. Pahl undertook
to determine the influence of a certain additive on the mechanical, chemical,

and electrical properties, as well as on the thermal behavior of the vulcanizate.

These first and therefore fundamentally very important investigations did

not produce general rules and extensive results, but they induced studies in

this field by others, which led to a continuously improving system of experi-

menting. Thus, through the impetus of these pioneers who first recognized

the significance of studies on fillers, there followed the extensive investiga-

tions of Ditmar,^®^ of P. Breuil and others.®^^ Investigations of this kind

•Translator’s Note. This is a very broad
statement, giving only one phase of the ac-
tion of softeners. It is well known that
softeners have a definite softening action on
the rubber itself, increasing its plasticity and
hence workability. See W. N. Burbridge,
Inst. Rubber Ind. Trans., 1, 429 (1926); also
E. C. Zimmerman and L. V. Cooper, Ind.
Eng. Chem., 20, 812-3 (1928).— N. A. S.

First mentioned by Wo. and Wa. Ostwald
(1908). Cf. the lecture by Wo. Ostwald,
cited on p. 417 of this book.

"Compare the above-mentioned work of F. V.
V. Hahn on “Dispersoid Analysis,” the work
of Wiegand (in the following section, p. 500),
as well as that of L. Hock and S. Bostroem,
Kautschuk, 3, 21 (1927) and F. Evers,
Sedimentation Analysis of Fillers,” Kaut-

3, 70 (1927), and especially, LeBlanc,
Kroger and KIoz, Kolloidchem. Beihefte, 20,
356 (1925) ; also H. Green, /. Franklin Inst.,

19^ 637 (1921) (‘'Microscopic Estimation
of Particle Size”).

" See,^ for example, St. Reiner on the “Homo-
gmeity of Mixtures made by the Masticat-

ing and Mixing Processes,” Kautschuk, 1, 9
(Nov., 1925); further, on the “Irregularity
of Filler Distribution,” Gtimmi-Ztg., 42, 1359
(1928); as well as H. Page, Inst. Rubber
Ind. Trans., 4, 521 (1929). For the rec-

ognition and distribution of fillers in the
finished mixture, and the detection of mixing
errors, see the article of F. Kirchhof on the
“Use of the Quartz-Mercury Lamp,” Kaut-
schuk, 4, 24 (1928); also P. G. Nagle, Inst.

Rubber Ind. Trans., 3, 304 (1928); also

Gummi-Ztg., 42, 1745 (1928). Recent work
with filtered ultra-violet light is discussed on
p. 642 of this book.

332 yerhandl. d. Vereins Beford. d. Gewerbefl.,

415 (1891); 25 (1892); /. Soc. Chem. Ind.,

11, 536 (1892).
Gummi’Ztg., 20, 394, 733, 844, 1077 (1906);
21 , 103, 234, 418 (1906-7).
Caoutchouc & gutta-percha, 1 , 76 (1904).

835 jtqi. example. Beadle and Stevens, J. Soc,
Chem. Ind., 30, 1421 (1911); H. W. Greider,

7. Ind. Eng. Chem., 14, 385 (1922) and
India Rubber J., 64, 845 (1922); H. F.
Schippel, 7- Ind. Eng. Chem., 12, 33 (1920)

;

cf. p. 415 of this book.
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proved really productive from a scientific as well as a technical standpoint

only when a fruitful hypothesis, which could give the guiding principle, was
found. To such hypotheses, the discussion will now be directed.

Influence of Fillers ox Work Capacity

When Twiss^'*^^ emphatically pointed out that the strength and toughness

of a rubber mix increased with increasing fineness of the mineral filler added
a fruitful foundation was laid for the further study of filler problems.

At about the same time, B. Wiegand rendered the extraordinary serv-

ice of showing, through suita1)ly conceived and carefully thought out experi-

ments, that a close relationship exists between the surface of a filler and its

reinforcing effect, and that this is attributable to the surface forces between
the filler and the rubber, which wets it. In his wmrk with different fillers, he
showed that their reinforcing power depended upon the concentration. It

was of great significance to the effective evaluation of his measurements that

Wiegand did not confine himself only to determining and comnar’niv the

tensile strengths and elongations of the various mixes in the usual way, but

that he also made the comparison with the aid of an energy ‘'measuring stick,”

by using both data to calculate the “work of tearing or breaking.” In other

words, he determined the maximum capacity of the different mixtures for

storing up energy. If the stress-strain curve in the rupturing test is plotted

in a co-ordinate system (ordinate: stress: abscissa: elongation), the area en-

closed by the curve and the abscissa can be determined by means of a plani-

meter and expressed in terms of energy, as for example in kg. m. or in calories.

Figure 101—Dependence of the resilient

energy (in kg. m./cc.) of vulcanized

rubber on the filler content (in volume
per cent, based on the volume of raw

rubber used).

(According to W. B. Wiegand.)

{AB = resilient energy of the base mix:

AC ~ that portion of the resilient energy

due to the base mix. Double lined area =
— function.”

This then can be calculated to a cubic centimeter of the unstretched com-

pound. Wiegand designates this work of rupture (expressed by him in

foot-pounds per cubic inch—English system—in which a ft. Ib./'cu. in. cor-

responds to 0.00844 kg. m./cc. or 0.0198 gram cal./cc.) as “proof resili-

ence.”®'"^^*

Society of Chemical
_
Industry. Reports of the

Progress of Applied Chemistry, 4, 324
(1919).
India Rubber J., 60, 379, 423 (1920); fur-
ther, especially, hist. Rubber Ind. Trans., 1 ,

,,141(1925).
Cf. p. 405 of this book.
For calculation:

1 ft. = 0.304S m.
I Ib. = 0.4536 kg.

1 cu. in. = 16.387 cc.

1 ft. lb. = 0.3048x0.4536 =
.

0.13g26kgr.m.
1 ft. lb,/cu. m. = 0-13826 ^ 16.387 =

0.008437 kg. m./cc.
1 kg. m./cc. = 118.53 ft. Ibs./cu. in.

1 kg. na. 2.342 g. cal.
I ft. Ik/cu. in. ~ 0.0198 g. caL/cc.

These equivalents are used in Table 14.

Translator’s Note. For information on the

energy or work of retraction as compared

with energy of extension, see F. S. Conover

ilnd. Eng. Chem., 22, 871 (1930)] and H.

Barron and F. H. Cotton [Inst. Rubber Ini.

Trans., 7 , 209 (1931)]. Conover concluded

that the work of retraction for any piven

elongation is practically independent of either

the kind or amount of powder used. The

latter investigators obtained figures quite con-

trary to those of Conover. The work of re-

traction increased progressively with increase

in volume of pigment up to a maximum in

the case of reinforcing materials and varied

directly with the work of extension. How*

ever, the increases in energy of retracti«

were of a relatively low order. — N. A. S.
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In order to determine the influence of increasing amounts of a filler on the

proof resilience of a mix, Wiegand chose as his base mix one which consisted

essentially of rubber and the required curing ingredients. It was so selected

with respect to vulcanizing characteristics that the work of rupture at the

dven temperature of vulcanization was in large measure independent both

of the vulcanization time and of the widely differing effects of the different

ailers on the vulcanizing properties. This base mix consisted of 100 volumes

of rubber, 3 volumes of litharge, and 2.5 volumes of sulfur, which correspond

to iOO, 30, and 5 parts by weight, respectively. Vulcanized for from 15 to 45
minutes, at 141^^ C., it gave vulcanizates of approximately the same proof

resilience at each cure.^^^ By mixing the series in which 10, 20, 30, etc.^*^^ vol-

umes of filler to 100 volumes of the rubber are added, and by taking the tensile

strengths of the separate mixtures, a curve may be constructed which shows

these values in relation to the concentration of filler. Figure 101 shows in a

zinc oxide mix, for example, how with increasing amounts of the filler, the

proof resilience at first becomes greater than that of the base mix, reaches a

maximum, and then at higher concentrations again drops. In Figure 102 the

individual stress-strain curves are shown in a spatial model. If the strength

of the base mix is represented by the horizontal line AB in Figure 101, then

the area enclosed by it and the curve, which is obviously a measure of the

reinforcement inherent in the filler, is the “A^4-function,” according to

Wiegand.

Figure 102—Spatial model of the stress-strain

curves for vulcanizates with increasing filler

content.

(According to W. B. Wiegand.)

ABC= area corresponding to the proof resilience

of the base mix with 0 per cent filler.

^D. y. Twiss and F. B. Jones have made
special mention of the peculiar behavior of
mixtures like the above, which give optimum
mechanical properties over a very bi'oad range
of cure (“plateau-effect’')- The tensile curve,
independent of the time, exhibits a very broad
maximum. See /. Soc, Chem. Ind., 42, 505 T
(1923).

following illustrates the calculations:
In 105.5 volumes of this base mix there are
100 volumes of rubber, i. e., 94.8 voI.-%.
If the ingredients measured in vol.-% are
referred to the vol. of rubber in the final
MX, and the same is reduced to 100, then,
for example, there is obtained for a 20 voL-%
filler addition, a final mix which contains
20 cc. of filler, and 100 cc. of rubber in

cc. of the mix. The rubber content is
/9,7 per cent by volume. The rubber con-
rat of the final mixture is only 84 per cent

A j
base mix. Eighty-four hun-

®edths of a cc. of the control is thus iden-
hcal m its rubber content with 1 cc. of the

final mix. This relation was used in the

calculation of column 6 in Table 14.

In calculating weight percentage over to vol-

ume percentage, the following lurmiilas raaj

be used:

lOUA—FCA--I)’ M4,

f = vol.-% filler

p = wt.-% filler

h with Sf the specific grav-
Sk ity of the filler and Sk

^ the specific gravity of the
medium, in this case, of

the rubber.
In using this equation, / is the vol.-% of

filler, when the total volume of the mixture
is 100; F the wt.-%, provided the total weight
of the mixture is 100. [See also the disserta-

tion of F. Hartner, Giessen (1929); Kollaid'

chem. Seihefte, 30, 83 (1929); Rubber Chem.
Tech., 3, 215 (1930) 3.
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- to the author not to make the horizontal line

uJ reinforcement, but rather the oblique line AC,

in^vhich the reinforcement is referred to the amount of rubber contained in

tL mScture of that particular concentration, the amount decreasing with in-

the rnixture o
^ enclosed by the curve above the

Shf iSe^'ic would be designated as the A^-function (cf. column 6 in

Table 14).

Table

i

Nature of mix

(II “ IX contain 20

Vol—% of Filler)

^ ^4ctiznty of Various Fillers (U . B. Jf iegandj.

I Base Mix
11

III

IV
V
VI
VII
VIII

IX

/cu. in.

450

gas black 640

lampblack 480

-4- clay
.

405

-f ferric oxide 355

-r zinc oxide 530

-i- chalk
^

410

-r infusorial

earth 365

barytes 360

2 3 4

Work capacity

(proof resilience)

Ftlbs. Kg.m. gram cal.

5 6

Difference Increase in

between the proof resil

proof resil- i^rice oulcu

ience of the

mixture con-

lated on the

same rub-

ber content

;

taining filler

/cc.

3.80

5.40

4.05

3.42

3.00

4.47

3.46

3.08

3.04

/cc.

8.89

12.65

9.48

8.00

7.01

10.47

8.10

7.21

7.11

and the

base mix
(per cent)

4-42
-f 6.6

— 10
— 21

-t-18— 9

— 19

— 20

847c of the

base mix
(per cent)

+ 69

+ 27

+ 7

+ 1

+ 40

+ 8

— 3
— 4

Surface

area of the

filler

(sq.in.

/cu. in.)

190.5x10^

152.4x10^

30.5x10^

15.2x10^

15.2x10^

6.1x10*

5.1x10*

3.0x10*

In comparing the different fillers with respect to their reinforcing effects,

in CO p != ...
^ axis ot abscissae, always in volume

?eran+e and not by weight, as the latter is obviously without significance

fn S fnter^^^^^^
Incidentally, Wiegand’s_ methodical procedure

for oresentint- the facts in a rational manner is distinctive and quite ideai.

Figure 103 f to VI, presents the characteristic curves for a number of
^

-

nnrtanf- fillers ObviousK’ it is important for the technologist not onh t

know with wliich filler the maximum work capacity can be obtained, but a so

to observe rom the curve itself whether the reinforcing effect persists over

a br?ad rL-e of concentrations, or whether after reaching an optimum load-

In Table 14 column 1, the fillers investigated are listed. In the seconu tni .

the mixtures containing filler are greater than that of the b
,

^ ^
»«C/. also F. Hartner, Dissertation, ro-

1929; KoUoidchem. Beikefie, (1929);
17 939 (1925). For the calculaticffi»»

S^oduction ^ ^on pa^ge 500.
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With certain changes in method, but fundamentally in a similar manner,
other observers, especially North and Greider later duplicated the

measurements of Wiegand and corroborated them remarkably well. These
investigations have been much discussed from a technical standpoint in the

scientific literature.^^'^

The reinforcing action of fillers naturally depends not only on their kind,

particle size,* and the intimateness of the mixing,^-^® but also on the nature of

the rubber used. The other materials used with them are also of signifi-

cance. The particle shape is likewise of importance.f H. K. Depew has made
some observations on the mechanism of reinforcement, which are based on
the hypothesis that in the case of active fillers the adhesion between the filler

and the rubber particles is even stronger than that between the rubber particles

themselves. The deliberations of J. T. Blake are along this same line.!

He discusses in a very interesting way the role of the natural and artificial

dispersing agents for pigments, as, for example, of stearic acid for carbon

black, from "the viewpoint of their polarity, and as Wiegand did earlier,

made observations on the maximum amount of filler that could be disperscd.§

With the growing importance of the direct incorporation of fillers in latex,

the study of this type of mixing is becoming more and more interesting. It

can be predicted in this case that in eliminating the rupturing of the

latex particle by mastication, the mechanism of reinforcement will have

to be considered from an entirely new viewpoint. It is hoped that the

problems connected with active fillers will he attacked from all angles so

that a clearer insight and more definite control will be obtained. The

investigations, such as those of LeBlanc and his collaborators and of

India Rubber jrorld, 63, 98 (1920).
Ind, Eng. Chem., 14, 385 (1922).

F. Kirchhof has extended these in\’estip:a-

tions to colloidal silica. See Gumnii-Ztg., 39,
2102 (1925).

* Tran.slator’s Note. G. S, Haslam [Rubber
Chem. Tech., 6, 288 ('193.>)1 has attempted
to show the relationship between the influence
of particle size and of surface area. While
his results are not conclusive, they indicated
that in the case of the ainc oxide samples
witii which he was working, the tensile
strength was more closely related to the sur-
face of the pigment than to the particle size.
- X. A. S.

34>, conference report in the India Ruh-
her 72, 227 (1926) containing the con-
tributions of several technologists on the in-
fluence of the characteristics of the particle:
P. Schidrowitz. S. S. Pickles, D. F. Twiss,
G. Gallie, T. R. Dawson, E. A. Murphy, H.
Green; also \V. W. Vogt and R. D. Evans,
Ind. Eng. Chem., 15, 1015 (1923); Schippel,
J. Ind. Ena. Chem., 12, 33 (1920).
See, for example, J. T. Blake, Ind. Eng.
Chem., 20, 1084 (1928) and also L. Hock
and G. Froniandi, Kaufschtik, 5, 81 (1929).

t Translator’s Xote, See B. B. Evans Undia
Rubber J.. 64, 815 (1922)1. E. C. Zimmer-
man [Rubber Age, 12. 130 (1922)], and
W. W. Vogt and R. D. Evans [Ind. Eng.
Ckcm.,^ IS, 1015 (1923)1 for the effect of
isotropic and anisotropic powders on rubber
mixtures. — X. A. S.

^Jnd. Eng. Chem., 20 , 1084 (1928); also
Gummi-Zfg., 43, 649 (1928).

t Translator’s Xote. Blake, however, was far
from being in agreement with Wiegand with
respect to reinforcement. He contended that
no filler, not even carbon black, really en-
hances the ^strength of vulcanized rubber.
It was his view that the reinforcing effect is
only an ^apparent” one and he attempted to
prove this by means of Wiegand’s own data.

The erroneous nature of this conclusion has
been discussed by both N. A. Shepard [ia

J. A. Ale.xander’s “Colloid Chemistry,” Vol.
IV, p. 313, 1932] and P. Schidrowitz [Ind'n:

Rubber J., 76, 1071 (1928)].—N. A. S.

India Rubber J., 73, 31 (1927); refer also

to the work of this author on the influence of

pigments in Ind. Eng. Chem., 17, 939 (1925 i.

§ Translator’s Note. Blake’s calculation of this

amount is obviously incorrect, as it was base i

upon the assumption of an average particle

size for carbon black which is several times

that now accepted. [Cf. N. A. Shepard, ir.

J. Alexander, “Colloid Chemistry,” Vol. IV,

p. 332, 1932].—N. A. S.

See C. C. Loomis and H. E, Stump, Chem.
Met. Eng., 29, 540 (1923), India Rubber
World, 68, 763 (1923) or E. A. Hauser,

Inst. Rubber Ind. Trans., 2, 226 (1926) and

Katitschuk, 3, 2 (1927); also the monograph
of this author on “Latex,” p. 133, SteinkopfF,

Dresden and Leipzig, 1927.
353 M. LeBlanc, M. Kroger and G. Kloz: ‘‘The

Adsorptive Properties and the Particle Sizes

of Different Carbon Blacks in^ Organic Sol-

vents and in Crude Rubber Mixes,” Kolloid-

chem. Beihcftc, 20, 356 (1925). M. Pavlenko

and P. Nasarov, Russ. J. Chem. Ind., 4,

642 (1927), worked along similar lines; cf.

Chem.-Zentr., 99, I, 593 (1928); Chem.
streets, 22, 4006-7 (1928). LeBlanc and his

co-workers found that uncured carbon black

mixes in benzene give sols which have dit-

ferent viscosities, depending upon the nature

of the black. An uncured carbon black-

rubber mix containing a good black charac-

teristically has a smaller dispersibility in wm-

zene and the cement formed has high vis-

cosity; with bad blacks just the reverse ef-

fects are obtained.** With respect to toe

mechanism of reinforcement, see LeBlanc md
Kroger, Z. Electrochem., 34, 725 (1928).

** Translator’s Note. It is rather unusual 10
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Stamberger on the solubility of mixes fit in here. Added in higher cuii-

ceiitration, carbon black prevents the swelling of crude rubber to a large

extent j
in low concentration, it has little influence. In a dissolved condition,

Oiere is a certain adsoiption of the filler by the rubber, as if the strength of
cohesion (of the rubber) were then of a much lesser magnitude than in the
absence of a swelling medium, bringing about an increase in the strong van
der Waal’s forces, wdth which the active filler and the rubber are held together
1 compare also the following section).f In conclusion, a few literature

references along a somewhat different line are given.

Thermodynamic Iheory of Filler Action

Hock^^^ has further developed, along theoretical lines, the view's resulting

from the investigations mentioned above, and at the same time has w'orked

out a calorimetric method of estimating the surface energy betw'een rubber
and fillers. The heat of sw'elling of unvulcanized mixes was observed, closely

following the previously described method used in measuring the Joule eitect.

If, for example, a mixture of rubber and zinc oxide is swelled in benzine,

there results, on the one hand, swelling of the rubber and, on the other hand,
wetting of the particles of filler by the benzine. These changes are accom-
panied by heat effects, which may be separately estimated fur the pure rubber

on the one hand, and for the filler on the other. Then the effect to be ex-

pected from the amount of rubber and from the amount of filler present can
lie calculated, provided there is no energy consumed during the sw’elliiig in

use the terms “good” and “bad” in connec-
tion with the blacks used in rubber compound-
ing. The author apparently wishes to dis-

tinguish blacks of “high” and “low” reinforc-

ing power. It is nut_ true that a black of
low or mudei'ate reinforcing eilect is neces-
sarily a “bad” black. There are applications
in which such a black may be decidedly more
useful than a high grade rubber channel black
of “good” reinforcing action. — N. A. S.

^’^^Kolloid-Z., 42, 295 (1927); 45, 239 (1928);
also Kec. trav. chim., 47, MG (1928); Rubber
Atjc (N. y.), 23, 321-2 (1928).

t Translator’s Note. That the effect of a rein-
forcirg pigment on the swelling tendency or
s'jluijiiiiv ui r!i!)ln-r persists even after the
pigment has been removed, has been reported
by F, B. Menadue {.India Rubber J., 85,

689-92, 7 1 7-722 (19 3 3); 86, 23-26, 53-56
(1933)]. By mixing acid-soluble pigments,
pch as magnesium carbonate or zinc oxide,
in large volume into rubber, and then re-
moving the carbonate or oxide by treating
with ether-acetic acid, he found the residual
rubber to

_
be markedly changed as regards

solubility in such solvents as benzene or pe-
troleum ether. Such rubber is called
“Diphase” by Menadue, as it can be sepa-
rated into two distinct solubility fractions.
-N. A. S.

® The following pub’-arVi-.r s treat of fillers and
their action: R. on the chemistry
of gas blac‘\. v, iv -;fi.-cia'. rcu-:-«-:u;r ro i;s

content of \ Ind. ii. -i.

20, 904 (1928). The :nl-orp1ioii of oxygen
oa gas black also plays a "part, as D. j.
Beaver and T. P. Keller have shown, Ind.

Chem., 20, 817 (1928). Reclaimed
mbber can also be reinforced, as H- A.
vVmkelmann and E. G. Croakman showed in
Im. Eng. Chem.^ 20, 134 (1928); however,
we reinforcing action is much less in this

case (see p. 429, footnote 12U). Since
VViegand’s pioneer work, many rubber tech-
nologists have worked on the practical ap-
plication of "einforciug tillers. Only a few
can be iik-niioficii bc-.‘e. F. Evers, “Sedimen-
tation Analysis of Fillers,” Kautschuk, 3, 70
(1927); F. Kirchhuf, “Estimation of Fine-
ness,” Kautschuk, 1, 17 (Sept., 1925). For
the work of H. Pohle in the niicioscopic held
see page 637 in this book; also Z. zeiss.

Mikroskup., 44, 183 (1927), Gunimi-Ztg., 41,
2755-6 (1927); also the niicroscupic studies
of E. A. Grenquist, Ind. Eng. them., 20,
1073 (1928). For the x-ray estimatioii of
particle size, see B. Davis, J. Franklin Inst.,

204, 29 (1927). The dispersoid analysis of
barium sulfate is treated of by J. C. Shep-
herd, Ind. Chem., p. 57 (Feb., 1917), re-

ferred to in India Rubber J., 73, 703 (1927),
and T. R. Daw’son and N. H. Hartshorne,
India Rubber J., 73, 885, 92o, 9ol (1927).
Yutaka Tanaka evaluated magnesium car-
bonate as a filler in Inst. Rtibber Ind. Trans.,

2, 330 (1927); T. J. Drakeley and W. F. O.
Pollett published a study on china clay as
a i*einforcing agent, Inst. Riibber Ind. Trans.,

4, 424 (1929). We conclude this incomplete
enumeration by referring to recent, com-
prehensive investigation of active fillers by
R. W. Lunn in Inst. Rubber Ind. Trans.,

4, 396 (1929), in which, as the author also

did with advantage (see next section), the
reinforcing effect is related to the unit volume
of tl’.e filler and is clearly presented as de-
pendent upon its concentration. Concerning
stearic acid, see R. P. Dinsmore and W. WL
Vogt, Inst. Rubber Ind. Trans., 4, 85 (1928),

3®® L. Hock and S. Bostroera, Cummi-Ztg., 41 ,

1114, 1165 (1926); L. Hock, Kautschuk, 3,

207 (1927), and also dissertations of S.

Bostroem, Kolloidchem. Beihefte, 26, 439
(1928); and of F. Hartner, Giessen, 1929 ;

Kolloidchem. Beihefte, 30 , 83 (1929); Rub-
her Chem. Tech., 3, 215 (1930).
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overcoming the strength of adhesion of the rubber and filler, which results

in an additional, negative heat effect. The difference between the calculated

heat effect and that observed during the swelling of the filler-rubber mixture

gives, according to the Hess law,^^^ the value for the heat of adhesion, which
results from the wetting of the rubber and filler. Of course, since the wet-

ting effect is reversed in the presence of the benzine, the sign is negative.

If the surface contacts are broken by the application of mechanical work,

the absorption of latent heat from the surroundings also must be considered!

Just as in the formation of a square centimeter of water surface, not only

must 73 ergs of work (surface tension of water or = 73 dynes/cm.) be sup-

plied for potential energy, but also a certain amount of heat must be absorbed

from the surroundings. This amount of heat (approximately 10'^ cal.) is,

moreover, of the same order of magnitude as the surface energy itself (73

ergs= approx. 1.7x10'^ cab). In estimating the work of adhesion calori-

metricall}', the external work does not have to be considered, and there is

directly obtained from the measurement, a change in total energy, which may
be represented by U. If the mechanical work of separation is designated a*s

A, in which case A is the product of the surface tension and the area of

the contact surface / of the rubber and filler, then the thermodynamic relation

between the calorimetrically estimated total surface energy IJ and the free

energy A, which is accountable for the increase in work capacity, is given by

^the Gibbs-Helmholtz equation:

dcrf
( 28 )

In two-phase systems, the rule is very frequently confirmed that the free

energy, available in a given case as maximal work, amounts to approximately

half (in any case to a large fraction) of the total surface energy, correspond-

ing to a negative temperature coefficient of surface tension of a few tenths

of a per cent. If this result is applied experimentally to the rubber-filler

st^stem, it is to be expected that the increase in work capacity, caused by the

incorporation of an active filler in a definite amount of rubber, may be esti-

mated from the value of the heat of adhesion U,
It must further be taken into consideration that only a certain proportion

of the rubber is in actual surface contact with the filler, since the wetting is

naturally^ incomplete as a result of agglomeration, etc., and the wetting prob-

ably is the more incomplete, the greater the concentration of the filler in the

rubber. The heat of wetting of rubber and filler, calculated to 1 gram of

dispersed filler, must therefore give different values at different concentra-

tions and approach a maximum value at infinite dilution, at which the assump-

tion of complete wetting of the surface of the particles is permissible.

The calculation of the heat of wetting of rubber and an active carbon black,

as carried out by Fritz Hartner at the suggestion of the author, is a concrete

example. This calculation was made from the following experimental data.

A simple unvulcanized mixture consisting of 85 per cent rubber and 15 per

cent black was used, for in general this method, which is still in the develop-

ment stage, must be confined to simple mixtures before being applied to the

more complicated systems. From the heat of swelling of rubber, — 0.1

Cf, Textbook of J. Eggert, p. 264 (see foot-

note 71, p. 413, of this book).
This is, as follows from the later^ work on
the sobj ect,

^
only

_
an ideal and simplifying

assnmption, in which the work of friction is

not taken into account. Cf. also L. Hocb,

Kantschuk, 4, 165 (1928) and Z. Elecin)'

chem., 34, 662 (1928); also Rubber Ckem.

Tech,, 2, 275-7 (1929).
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cal./gram, and the heat of wetting of the black, -f 2.8 cal./gram, the heat of

swelling for the mixture of the above composition can be calculated, without
considering the heat of adhesion which must also be determined. Using ben-

zine as the swelling agent, the heat of swelling of the mixture is— 0.85 x
0,1 -f 0.15x2.8= 4-0-335 cal./gram. However, a heat effect of— 0.35

cal. was observed. The difference of 0.685 calories thus corresponds to the

total surface energy between rubber and black, which had to be overcome in

order to bring about their separation.^ Per gram of black, there is thus
= 4.53 * calories of heat of wetting by rubber.

The U value, down to the minimum concentration, may be determined in

a similar manner, so that finally it is possible to approximate more or less

accurately, through extrapolation, the heat of wetting Uo at infinite dilution,

which may be considered as a characteristic constant for each system con-

cerned. Estimations of this kind have been carried out by Hartner. Figure

104 illustrates the dependence of the specific heat of wetting upon the con-

centration of the filler. With the value Uo determined, a conclusion concern-

ing the completeness of the dispersion can be drawn from the relationship

Ue/Uo, and it is thus possible to obtain an idea of the quality of the mix

^ Catbon blacK

j

\ \
;

\ \

i

\

V
1

1

'
C or b c n bloc*

1

j

—

6

Zinc 0»;!Cle

e.5 17 25.5 54 \oI. V.

—— filler

Figure 104—Specific heat of wetting of

carbon black and rubber in relation to

the concentration of the fillers.

(According to L. Hock and F. Hartner.)

Figure 105—Relative specific heats of

wetting of rubber and fillers in relation

to the degree of dilution,

(According to L. Hock and F. Hartner.)

from the standpoint of the distribution of the filler. Thus, Figure 105 gives

an insight into the relative utilization of the surface energy of carbon Hack
and zinc oxide mixings at different concentrations of filler. It should be
pointed out that the extrapolation to the value Uo ought to be checked by
further, still more reliable, measurements.’^^^

If, as already mentioned above, the increase in the work capacity of any
given rubber mixture is considered identical to the free surface energy A of

the system, which is defined not only by the capacity factor f, but also by the

* Translator’s Note. This means that 4.53 cal./ gram, but as minus 4.53 cal. /gram.

—

gram of heat were evolved. In the English N. A. S.
system of thermodynamic nomenclature Uis Planned by the Giessen Physical-Chemical
would be expressed not as plus 4.53 cal./ Institute.
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intensity factor a, then its numerical value follows from the experimental
determination of the work capacity.

^

It should again be emphasized that with

an increasing amount of filler that is not ideally mixed, but functions solelv

as ballast, there is also a work of friction to be overcome, which has nothing

to do with the free surface energy sought. Again, by extrapolation of the

different values of Ac to infinite dilution, the amount Aq for the free surface

energy of the ideally diluted mixture may be calculated approximately

With the above mixture, for which [/i5=:4.53 calories per gram of carbon

black, the increase in work capacity may be calculated from the following

data : work capacity of the crude rubber alone 0.296 cal. cc. ( recalculated

from mechanical into caloric measure; sec footnote on page 500), of the

mixture 0.418 cal./cc. ;
reinforcement consequently 0.122 calories, or, recal-

culated to the amount of crude rubber in the mixture (91.55^: by volume)

;

0.15 calories, attributable to the amount of black contained in 1 cc. of the

mixture.

The more detailed measurements which have been made up to the present

have shown the expected value 0.5 for the ratio AoAJ,-, for the rubber-filler

system. If the specific surface of the filler in question is known from
microscopic measurement of the average particle size, it is possible to calculate

the interfacial tension between rubber and filler in absolute figures.'^^'-

The procedure described makes possible, therefore, assertions concerning

the mechanical behavior of a mixture from the purely calorimetric estimation

of the heat of swelling. A way is thus shown of handling the problem of the

strength of simple rubber mixes fundamentally from the standpoint of ther-

modynamics.'^

While an evaluation of Uo which is free from o])jection can be made
calorimetrically, the determination of Ao by dynamometric means is beset

with many difficulties. These are not only of a technical, but also of a funda-

mental nature, especially since the stresses in rubber under tension are

different when a rubber mixture is ruptured than when rubber itself fi.e.,

without pigmentation) is ruptured.^^^ In this connection an instructive study

by LeBlanc and Kroger on tear-resistance and grain effect leads to the conclu-

sion that the addition of fillers puts rubber at lower temperatures in a

condition similar to that produced by ordinary vulcanization.

The difficulty in determining Ao experimentally can be avoided if one and

the same substance, in three clififerent degrees of fineness, is applied as the

filler and provided reliable assertions can be made concerning the relative

sizes of the specific surfaces of the three samples, for example, by determin-

ing their relative heats of wetting in a licpiid. Then there are three series of

afii Pqj. method o£ carrying out the graphic
calculation.^ see the separate example^ in the
oT-«ve-’'^e"ti'^-ned di‘=^’=:ertation o: P. liartr.er,
.VrV O.-;-'.;-. 30, 83 i?;;--

;'£'r 3, 21S (1930).
Th:> v itn.rally only an approxi-
mation.
In this wav, Hartiier arrived at a prelimi-
nary determination for JTearhorj black-mbber of
140 ergs'ec. of black. See the above-mentioned
dissertation; Rubber Ckem. Tech., 3, 215
ri930).

* Translator’s Note. F. A. Steele {Physics, 1 ,

101 (1931)1 takes strong exception to the as-
sumptions of Hock and Hartner. A critical
discussion of this whole subject was included
in the paper by N. A. Shepard, C. R. Park
and J. N. Street on "‘Fillers and Reinforcing
Agents/* read at the fall meeting of the

Rubber Division, American rhc”m’c'r>'*_

^Chicago, 111., September, 19.Vh Nh
_
A. >

For greater detail, see also F. Ilr.rm.ir

Kolhidchnn. Beihefie, 30, 33 (1320U Tim-

ber Chem. Tech., 3, 215 (193'’i),_ a:; i

cially LeBlanc and Kroger. Z. El'-ctr. .

34, 725 (1928). Mention nh--, V
made of the work of \V. Cecil Davey in /.

Soc. Chem. Ind., 45, 364T (1926), in which

the opinion is expressed that the incorpora-

tion of fine pigments in rubber produces ef-

fects on the elasticity, swelling, etc., similar

in certain respects to those brought about by

vulcanization. Also P. Schidrowitz, in J. Osl

Colour Chem. Assoc., 9, 208-10 (1926);
Rubber Ind. Trans., 2, 89 (1926), points out

the influence of the particle shape of a filler

on the mechanical properties of a mix
vulcanization.
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mixes to be investigated, the value Uq to be ascertained as definitely as pos-
sible through graphic extrapolation, and the following three equations with
three unknowns to be solved :

—

1 ) <Tf = kUo I

2 ) atlf z=z kUo^
3) kUo^

(29)

The surface tension cr is assumed to be identical for all three powders.
This assumption is certainly correct in the case of zinc oxide.^^*^ The factors

II and m result from the relative degrees of dispersibility of the three
pciwders.^^^^ The constant k gives the relationship of free to total surface
mtrgy for the system in question and may thus be calculated without con-
ducting a mechanical tensile test (which gives a k value of approximately 0.5

as already mentioned).^ The letter f represents the specific surface of the
powder. If the heat effect Uo is calculated in ergs, the surface tension of
rubber to filler may be computed directly in dynes/cm. If the factor k for a

given filler has also been ascertained in the designated and purely calorimetric

manner, it is possible, through an experimental determination of to find

out what part of the observed reinforcement depends entirely on the friction

of the filler, etc., and what part is due to the surface energy, and thus which
is the more ideal filler. If an incorporation of filler up to the limit of satu-

ration were possible, the curve representing the relationship between work
capacity and filler concentration, in such a perfect mixture, would be, up to a

certain limit, a continuously rising straight line, and would nut, as ih tlie

case with actual mixings containing fillers of increasingly inert character,

rapidly develop a maximum. Figure 106 represents the reinforcing effect

of a filler in an actual and in such an 'Tcleal’' mix.

Figure 106—Diagrammatic representation of the
reinforcement produced by a filler in the case of an

“ideal mixing.’"

(According to L. Hock.)

Since the above ideas concerning the theories of rubber-filler behavior are
drawn from a field of investigation which is still in the development stage,

it must suffice here to refer only to the fundamental views and to discuss
the experimental evidence which supports them. A critical discussion and
evaluation of the investigations described would lead too far here; for this

r^on the reader must be referred to the original literature,

carbon blacks, made by different meth- 41, 1112 (1927). For further literature on
oos, the chemical nature of the surface is in the determination of degree of dispersibility,
ewh case different, and such a supposition is cf. L. Hock, Kautschuk, 266 (1928) and F.

^^^niissible only with I'eservations. V, v. Hahn, “Dispersoid Analysis,^’ Stem*
^f- L. Hock and S. Bostroem, Gummi-Ztg,, kopff, Dresden, 1928 .
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The rubber technologist is indebted especially to H. Pohle for contri-

butions to the solution of filler problems through microscopical studies. In an

interesting manner, other investigators, especially LeBlanc and his collabo-

rators, sought to contribute to the explanation of specific filler action through

investigation of the ''solubility’" of rubber-carbon black mixtures. The work
of Stamberger on the sedimentation of fillers from benzene solutions of

rubber mixtures is related to this. These investigations have already been

mentioned at the beginning of this chapter.

Besides acting in the capacity of a dispersing medium for solid substances,

rubber can behave as a true solvent. This is of special importance with respect

to the action of the sulfur, which acts as the curing agent. C. O. Weber
proved that sulfur dissolves in rubber. He obtained, as did also H. Loewen
later, a microscopically translucent system from sulfur and rubber when hot,

out of which, on cooling, the sulfur separated in the form of small droplets.

H. Skellon thoroughly investigated this same problem, as did also Loewen
later. In their work, it was shown that the solubility of sulfur in vulcanized

rubber is greater than in raw rubber. This increase in solubility with increas-

ing coefficient of vulcanization was confirmed by C. S. Venable and C. D.

Greene.®"® Considering' the problem from an exact physico-chemical stand-

point, W. J. Kelly and K. B. Ayers sought to decide the question of the

state in which the sulfur exists in the rubber. They investigated the validity

of Nernst’s distribution law * in the sulfur-rubber system. For this purpose

they first placed a rubber-sulfur mix in amyl alcohol and determined the

distribution of the sulfur between the two solvents. They then obtained the

same e-r.*.:l:bri:ur:. approaching it from the other side by placing different

amour.is o: .cr in a saturated solution of sulfur in amyl alcohol. In both

,
cases the ratio of the concentration of the sulfur in the alcohol to that in the

rubber was constant. From this, the conclusion is reached that it is a case of

true solution, in which the sulfur must be in a similar molecular condition in

both media (_S€e also p. 511). At 30° C. approximately 1 per cent of sulfur

dissolves in raw rubber. Vulcanized rubber with a vulcanization coefficient

of 17 (seep. 392) can dissolve about 5 to 6 per cent of sulfur at 75° C. This

problem has more recentl}' been discussed by D. F. Twiss.®"^

G. Brimi has investigated the solubility of other crystalline substances

in rubber. He has shown that rubber behaves like a liquid t towards naphtha-

lene, azobenzene and paratoluidine. Its solvent power is greatest for aromatic

corrmc.r.nds, less for hydrocarbons and their halogen derivatives, still less for

aliphatic compounds, and least for inorganic substances.^

Cf.^ section on ‘nvlicroscony of Technical Vul-
canizates,” in this :.ork, and also Z. zi'iss.

MikroskDp., 44, 1S3 (1927); Gummi'Ztg., 41,
2755-6 (1927).

3®’
.. IS, S3, 342 (1904).

2SS
.. 27, 7-:4, 923, 1301, 1647 (1913);

a:. 1 r.:^ . 4, 243 (192S). Further,
Eric'- K flc-rribes the formation of a
very extraordinary crystaUir.e apnearriuce of
siilftir in rubber in '.'.is c:'-'=-er:at:cn carried
out at the suggestion c;' Lir.ck, Jena (1928);
Z. anonj. c.’jEva:. C'r.cy-:., 174, 57-60 C1928;).
For the separation of sulfur by light, see
H. Pohle, p, 646 of t'nis book and also
XatzirscissenscU-^icv.. 15, 162 (1927).

^^hidia Rubber J„ 46, 251 (1913).
Ind. Slip. CV;;:., 14, 319 (1922).

Chsni., 16, 148 (1924).
* Translator's Xoie, Or Henry’s law. W. J.

Kelly and K. B. Ayers did not mention
Nernst, apparently preffc-ring to refer back

to the earlier law.— N. A. S.
Jnjf. Rubber Ind, Trans., 3, 386 (1928).

Giorn. cJiim. ind. appL, 3, 51 (1921) and
also Aiti. accad. Lincei (5), 30, I, 75-80

(1921).
t Translator’s Note. Forming true saturated

solutions. — N. A. S.

I Translator’s Note. A more exact translation

from the Italian is as follows: Such solvent

power is maximum for aromatic organic sub-

stances and, in general, for the hydrocarbons

and halogenated derivatives, less for most oi

the substances of the aliphatic series, esi«-

cially those that are oxidized, and least for

the greater part of the inorganic substances,

with the exception of certain of the elements.

—N. A. S.
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Rubber as a Solvent for Liquids and Gases

Since swelling of the rubber gel occurs in the production of rubber solu-

tions, the rubber may be considered as the solvent for the swelling liquid—or

even for its vapor—equally as well as it may be viewed as the solute. What
has been stated in the chapter on swelling and solution should be referred

to in this connection.f However, special mention should be made of the work
of F. W. Kuster,^'^^ who studied the distribution of ether between rubber and
water, in order to test the Nernst partition theory. As the result of this inves-

tigation, the rubber is now to be regarded as the solvent. The observed con-

formity with the theory was quite similar to that which Nernst had
established for the distribution of phenol between benzene and water. The
ratio between the concentrations of ether in water and in rubljer is not

constant, and differs in this respect from the case where the distribution of

a substance is between two media with the same molecular weight. There is

also no such constant relationship between the concentration of ether in

water and the scptare root of its concentration in rubber as there would be

if the ether dissolved in the rubber in the form of double molecules. It appears

much more as though the numerical relationship mentioned above had a strong

tendency to change with increasing concentration of ether dissolved in the

rubber, so that the conclusion must be drawn that there is a condition of asso-

ciation of the ether in the solvent ru])ber, varying with the concentration.

Table 15 gives the figures obtained by Kuster at 18° C. Cr is the concentra-

tion of ether in rubber (grams in 100 cc. of solution) and Cw its concentra-

tion in water (also in grams per 100 cc. of solution).

Table 15.--Distribution of Ether Betzveen Rubber
(F. W. Raster).

and llAter at 18" C.

Ck Cw Ck/C H’ vTT/C
1. 3.85 1.24 3.10 1.58

2. 7.96 2.34 3.42 1.21

3. 16.14 4.26 3.79 0.94

4. 20.12 5.07 3.97 0.88

5. 24.49 5.66 4.33 0.87

6. 28.82 6.37 4.40 0.83

7. 31.43 6.99 4.50 O.SO

8, 35.09 7,40 4.74 0.80

9. 38.09 7.93 4.80 0.78

10. 49.18 9.18 5.36 0.76

The absorption of water by rubber has also been repeatedly studied,

especially from a technical standpoint. The work of F. Kirchhof and of

C. R. Boggs and J. T. Blake should be especially mentioned.* Finally, an
investigation by H. H. Lowry and G. T, Kohman should be discussed.

This was concerned with the extent and speed of tvater absorption by raw
and vulcanized rubber over sodium chloride solutions of different vapor
pressures at different temperatures. At 25° C. the solubility of water vapor
in rubber is proportional to its partial pressure, up to a vapor pressure of

t Translator’s Note. See also P. Stamberger,
Rec. trav. chim., 47, 316 (1928); Kolloid-Z.,
45, 239 (1928) and Rubber Ape (N. Y,),
23, 321 (1928); J. R. Scott, Inst. Rubber
Ind. Trans., S, 95 (1929); Wo. Ostwald,
Kolloid-Z., 49, 60 (1929); and *‘The Action
of Solvents on Vulcanized Rubber,” Vander-
bilt News, 1, No. 2, p. 5 (1931).— N. A. S.

physik. Chem., 13, 445 (1893).
physik. Chem., 8, 110 (1891).

^Kolloid-Z., 35, 367 (1924).
Eng. Chem., 18, 224 (1926).

* Translator’s Note. This subject has recently

received much attention. See S. J. Skinner
and T. J. Drakeley, Inst. Rubber Ind. Trans..

7, 196 (i931). See also D. H. Andrews and
J. Johnston, 7. Am. Chem. Soc., 46, 640
(1924); S. E. Hill, Proc. Soc. Exptl. Biol.

Med., 26 , 590 (1929); E. E. Schumacher
and L. Ferguson, Ind. Eng. Chem., 21 , 158
(1929) ; H. A. Winkelmann and E. G. Croak-
man, Ind. Eng. Chem., 22, 1367 (1930); and
K. J. Soule, Ind. Eng. Chem., 23, 654
(1931). N.A.S.

**®7. Phys. Chem., 31 , 23 (1927).
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about 16 Him. of mercury. At higher vapor pressures, it is greater, as

would be expected from Henry’s law.§ The volume increase in the rubber

is practically identical with the volume of water absorbed. Besides the fc*rma-

tion of a true solution of water in rubber, it must also be assumed that

solution of the water-soluble substances contained in the rubber occurs. If

the water absorption takes place directh^ from the liquid phase, then the

amount is just as great as if the absorption had taken place from the vapor
phase at the same partial pressure, provided there are no secondary influences.

With increasing combined sulfur content, the water absorption passes through

a maximum (at about 7 per cent of sulfur ). The speed of solution increases

with the temperature. No further general laws have been establi^hefl.

111 an investigation on some synthetic dimethyl rubbers, H. Pohle reiiorted

the vapor tension equilibria of some dispersions of rubber in water and also

in benzene.

Finally, rubber may also serve as a solvent for gases. The permcaliilitv of

rubber to such gases was exhaustively studied hy Graham many years ago.

Aside from studies on the perviousness of rul’jherized fabrics to gases

(important in aeronautics, but less fruitful from a physical standpejint, so

that it is sufficient merely to mention them here), there has atipearcd in recent

times only one investigation (with supplements) which solves the jiroblciii

satisfactorily from a theoretical standpoint. This is the work of H. A.

Daynes who observed the diffusion of hydrogen and other gases through

a membrane of pure vulcanized Para rubber 0.03 to 1.6 mm. in thickness.

On the opposite side of the membrane, in these experiments, there was in

some cases another gas, in others a vacuum. True diffusion acciwding to the

law of Pick must be distinguished from a certain perviousness due to porosity.

This can be done quantitatively only by carefully considering the accom-
panying processes, and especially by taking into account the initial saturation

of the membrane with the gas. If this is done, it is possible to demonstrate

a diffusion gradient within the membrane so that at every point a well defined

concentration of hydrogen, for example, can be assumed. The diffusion con-

stant for hydrogen, as determined by Daynes, was 11.4x10'^' cm. /sec. at 20"

C. : the absorption coefficient, also at 20° C. and at atmospheric pressure, was
0.035. The latter has only a relatively small temperature coefficient of 0.5

per cent per degree, while that of the diffusion coefficient is considerably

greater.

The following information on the relative permeabilities (H 2= 1) of rub-

ber films is taken from the work of Davnes

Air 0.21 11.3 A 0.20 AsHs 1.3

CO. 2.46 CO 0.20 CCN). 10 C2H4 1.3

He 0.31 1.00 CH4 0.39 N= 0.18

X.O 4.53 O 2 0.46 H.S 13 H.O(gas) 47

S Translator's Note. This was incorrectly
translated into the German from the English.
What H. H. Lowry and G. T, Kohman ac-
tually stated was: “Above a certain vapor
pressure (approx. 16 rom. at 25° C.), the
solubility no longer obeys Henry’s Law, hut
is much greater than the law would predict.”—N. A. S.

Koilmdehem, Beihcfte, 13, 3 (3920).

Mag. (3), 2, 175, 269, 356 (3833);
(4), 32, 401 (1SG6); Pogg. Ann. Fhysik, 28,
331 (1833); 129, 549 (1866). Cf. also
Mitchell, /. Royal Inst,, 2, 101, 307 (1831),
and also Pogg, Ann. Phvsik, 129, 550 (1866),

and Wroblewski, Wied, Ann. Physik, 2, 481

(1877); 4, 268 (1878); 7, 11; 8 , 29 (1879).

See F. W. Hinrichsen, “Das Material-

prufungswesen,” p. 503, Enke, Stuttgart,

1912; also W. Frenzel, Chcni.-Ztg., 43, _530

(1919); Heyn, Sitsber, preuss. Akad. Wiss.,

14, 365 (1911).^ Proc. Roy. Soc. (London), A97, 286 (1920);

Inst. Rubber Ind. Trans., 3, 428 (1928).
* Translator’s Note. Cf. also W. C. Davey

and T. Ohya, Trans. Inst. Rubber Ind., 5,

27 (1929). See K. Kanaka {Bull. Chem.

Soc. Japan, 3, 183 (192S)j for the F*”*

meahilitv of rubber mixings to hydrogen.-'

N. A. S.
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The relative absorption coefficients (C02= 1) for a series of gases are as
follows

:

He <

H=S

0.1 H. < 0.1 N. 0.035
0.074 CH4 0.255 CO2 1.0

2.70 NHa 9.39 SO. 19.7

CO 0.036
C.H 4 1.43

For the temperature coefficients of diffusion, the following values, valid for

:he temperature range 15® to 25® C., were determined

:

CO 2 + 5.9% per degree Celsius (or Centigrade)
Air 6.7% “ ‘‘ u

^ ^

No 7.7% “

U, 5,0%
He 5.1%
O 2 6.3%

In the higher temperature range, the following values for the increase in

diffusion obtain, with the value at 20® C. placed at 1.0

:

20° C. 70° C. 100° C. 140° C.

(1) For H 2 1.00 4.4 8.8 32 (estimated )

(2) For CO 2 1.00 4.2 6.3 24 (estimated)

In the extensive work of Daynes, there is also information on the absorption

of water by rubber and on the drying of rubber. The work of J. D. Edwards
and S. F. Pickering also gives a large number of numericaf values.

Lastly, there should be mentioned from Graham's well-known investiga-

tions on the diffusion of gases through rubber membranes (a phenomenon
which was first pointed out by Mitchell in 1837), that the velocity of diffu-

don {in vacuo) is to a great extent dependent on the nature of the gases,

)iit not in so simple a manner as in the case of diffusion through porous
jiartitions, where the velocity is dependent on the gas density. In the case
bf rubber, there is a specific dependence on the chemical nature of the gases
involved and, above everything else, on their solubility in rubber. If the
iliffusion velocity of nitrogen is taken as 1.0, then that of carbon monoxide
amounts to 1.11, of methane to 2.15, of oxygen to 2.56, of hydrogen to 5.50,

and of carbon dioxide, in spite of its great density, to 13.59. If air is passed
through a rubber membrane, the air increases in oxygen content to a remark-
able extent, since the nitrogen diffuses only slowly.*

Rather comprehensive studies have been carried out on the solubilities of

'iifferent kinds of gases in rubber vulcanizates of varied composition.f These,
however, have led to no new physical points of view. The conspicuous solu-

bility of carbon dioxide, and especially of ammonia and sulfur dioxide, in

Bur. Standards Set. Paper, No. 387, July
12, 1920; also in condensed form in Chem.
& Met. Eng., 23, 17, 71 (1920). V. Rodt,
IChem.'Ztg., 38, 1249 (1914)], reports on
the influence of moisture on the permeability
of rubber to carbon dioxide. Dubose studied
the adsorption, absorption, and diffusion of
amerent gases in contact with raw rubber,
vulcanized rubber, and balloon fabrics. Rev.
gen, caoutchouc, 5, No. 39, p. 7 (1928). In
an original way, S. E. Hill {.Science, 67,
374 (1928); India Rubber J., 75, 710

and also Gummi-Ztg., 42, 2253
U928)] has estimated the diffusion of oxy-
gp through rubber, by using- .as indicator
Phosphorescent bacteria, which just phos-
P&or^ce at a partial pressure of oxygen of

*
.
Note. The ‘‘Permeability of

«Diber to Air,” has been the subject of care-
ful study by V. N. Morris and J. N. Street

{Ind. Eng. Chem., 21, 1215 (1929); 23, S37
(1931)], who obtained results confirming the
evidence that the temperature coefficient of
permeability is relatively high. They also
found that under certain circumstances mois-
ture slightly decreased the permeability of
rubber to air, although prolonged immersion
of vulcanized rubber in water resulted in an
appreciable increase in permeability. Their
results indicated further that permeability
varies inversely with the thickness of the
rubber and with the volume of compounding
ingredients present; that it is increased by
stretching the rubber; and that it is influ-

enced but slightly by milling, by the kind
of crude rubber used, and by the temperature
of vulcanization.— N. A. S.

t Translator's Note. See the recent work of

I. Williams and A. M. Neal on the solu-

bility of oxygen in rubber, Ind. Eng. Chem.,
22, 874 (1930).-— N. A. S.
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rubber, has been established.®®^ G. Tammann and K. Bochow investieat
'

the absorption in rubber of hydrogen under high pressure, and the behav'c-
on reducing -the pressure. The hydrogen was generated from zinc and sulfuric
acid, under a pressure of 550 kg./sq. cm., in the presence of vulcanized rubber
For 48 hours, the hydrogen was abundantly absorbed by the rubber u-uV
volume increase. Even_15 to 20 minutes after releasing the pressure th
rubber retained 2 to 3.5 times its volume of gas. It may be that the absor"-
tion coefficient of the rubber for is approximately independent of the
pressure. Interesting and older investigations on the absorption of eases arr-

described in O. Lehmann’s “Molekularphysik.”

Since, as previously mentioned, rubber possesses the properties of a solvent
it can be used as a semi-permeable membrane in osmosis experiment
(Nelson,®®^ Koenig®®®) or can serve as a dialyzing membrane (Ostwald®^’
Michaelis ®®®). Reference to these possibilities must suffice here.

’

S. enable and Tyler Fuwa, J, Ind.
Eng. Chem., 14, 139 (1922). See also con-
tribntions to this subject by F. Kirchbof in
‘Fortschritte in der Kautschuktechnologie,*’

1^927
* Dresden and Leipzig:,

anorg. allgem. Chem., 168, 322 (1928).

P- ^23, Wilhelm Engelmann, Leipzig,

Am. Chem. Soc., 35, 658 (1913); osmotic
pressures of organic compounds dissolved in
pyndme determined through the use of a

rubber membrane; also of solutions of lead

nitrate and especially of dextrose in pyridine.
3S8/, Pkys. Chem., 22, 461 (1918); osmotic

pressures of cane sugar, silver nitrate, etc,,

in pyridine. Dental dam as a semi-permeabk

membrane.
Wo. Ostwald and P. Wolski, Kolloid-Z., 2S,

228 (1921).
L. Michaelis and S. Dokan iBiochm.-l.,

162, 258 (1925)1 studied, amone r*’*-

things, electrical phenomena and i'-in-otm:::-

ability, using membranes of rubbe
dipped in rubber solutions).



Physical Testing Methods

By K. Memmler and A. Schob *

Rubber has achieved far-reaching application in almost all branches of

sodera industry because oi its physical characteristics. These are essentially

slidity, mutability, elasticity, insulating property, etc. Attention has turned

;o the testing of rubber by these properties to at least as great an extent

'5 to testing by chemical analysis
;
and the results obtained by the physical

Siting^ of rubber have won importance as standards of comparison. To be

tare, many years of painstaking effort were required to develop methods

abicli enjoyed universal recognition and obtained entrance into the labora-

: tries of the rubber industry. Formerly there were chemists working in

diese laboratories who had a definite prejudice against all tests of quality

.ihich were not based strictly on chemical analysis. In the few laboratories

Aich began using physical tests, there was at first too great a restriction to

:he practical needs of particular rubber goods.

.Although not heeded in the first physical tests, experience in the develop-

ment of test procedures with other substances had long taught that the

•alient points in testing are simplicity, certain reproducibility, and unequivo-

:al statement of test results, but not necessarily the most exact imitation of

;he practical use to which the material concerned is to be subjected. Tests

.i finished goods are not to be entirely avoided
;
but it must be remembered

iat the test deals not only with the material, but also with the construction.

The separate influence of each of these factors is naturally not ascertainable.

The effect is similar to that of one equation with two unknown quantities.

Even for tests of the material alone it 'is worth while first of all to develop

in experimental procedure through systematic work. In order that the prop-

tnies of the material may be most clearly indicated, it is necessary to deter-

mine the most practical shape for test samples and the most useful kind of

Sit. The laboratories of the Staatliche Materialpriifungsamt at Berlin-

Ahlem claim to be the first in Germany to have conducted thoroughly planned
vork on a large scale ^ and thereby to have prepared the foundation for the

methods of physical testing of vulcanized rubber.

The knowledge so gained has stimulated numerous laboratories, not only
a Germany but also in foreign countries, to extend the investigations. It has
hecome possible to publish the conclusions which have been almost univer-
aBy accepted by the rubber industry and its customers. The type and method
d performance of the most useful physical tests have been offered as tenta-

tivdy standard ones in a publication^ of the Deutsche Verbandes fiir die

*
Translated by E. F. Scheffler, E. 0. Edelmann and N. A. Shepard.

Memmler and A. Schob, *'Beitrage^ zur - Richtlinien fur die Prufung von Kautschuk,
rrai;e^ der mechanischen Weichgummipru-

Mitt. Materialprufungsamt, Berlin-
^ 27, 174 (1909)* der Technik, No. 7S,
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j\Iaterialprufungen der Technik. Thereby a very important first step ha-,

been made. In the statement of the quality of vulcanized rubber, use is made
of universally recognized units of measurement, which are intelligible t

workers in other fields.

The Investigation of the Elongation of Soft Rubber (Tension Tests)

The General Character of the Stress-strain Diagram, and its

Modification by Different Circumstances

If only the ultimate tensile strength and ultimate elongation are deter-

mined ill elongating soft rubber, there are not sufficient data for judgment.

The entire course of the elongation curve; that is, the corresponding relation

between stress and strain, is of greatest importance.

It will be advisable at this point to discuss the general basis of the stress-

strain diagram, concerning which considerable confusion is still often found

to exist.

First attention will be given to “stress,” which is the term generally used to

signify the load per unit cross-section. In the case of elongation (and alsu

of compression) reference is made to the cross-section which is perpendicular

to the line of force. This cross-section changes with increasing elongation,

being inversely proportional to the change in elongation if no volume change

occurs simultaneously. ]\Iost compounds do exhibit a small change in volume,

and therefore the proportionality is not strictly true. The relations are ex-

pressed by Poisson's ratio {see p. 396) which is understood to Ije constant

over the entire range of deformation. In the course of a deformation, thcrt

are stresses not only proportional to the load but also inversely proportional !

the instantaneous cross-section. The determination of this “true” stress

complicated and only difficultly possible even with the help of automatic

recording devices. It has therefore become customary to refer the stress to

the original cross-section
;
that is, the cross-section of the unstretched test

piece. In the measurement of a part of a finished article the load may also

satisfactorily be referred to the original cross-section.

Such difficulties are not encountered in determining elongation changes:

i.e., “strain.” Elongation is merely expressed as percentage of the origina’

length.

Figure 107 a-c—Principal types of stress-strain curves.

In the graphic representation, the elongations are ordinarily measured as

abscissae and the stresses as ordinates. The stress is always considered to be

the load divided by the cross-section of the original sample.
Consideration of Figure 107 a-c, which illustrates the principal types of

stress-strain curves, shows how little the ultimate elongation and ultima
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tensile strength indicate the characteristics of the material. The work ( force
distance) which is performed to point N is shown by the area lying under

the curve 01^ • ^ may be the breaking point or a suitable point on the stress-

iirain curve. In all three curves of Figure 107, the stress an and elongation

Snare of the same magnitude. Type a shows a strict proportionality between
'tress and strain t the woik absorbed by the sample is Sn cr/t. Type h shows
less work than >4 8« o-h and type c more than >4 hi an. If N is the break-

ing point, soft rubber of type a is unknown. Type h, always with an opposite

curvature at the beginning, is most common
; type c, often with an opposite

curvature at the beginning, is less common.
Figure 108^ shows more exactly the characteristic stress-strain curve

-toined upon the elongation of_ normal vulcanized rubber-sulfur mixtures
cifltaining pigments. In arialyzing the_ stress-strain curve for soft rubber
nmre closely, it may be considered as being composed of individual segments
.-.a, and &, corresponding to the types in Figure 107 a-c. By the addition of
certain compounding ingredients, the upper portion of the curve in Figure 108
!uay approach a straight line upon further extension. A further portion of
:vpe 0 will follow type h, although at a greater angle to the abscissa; the

lower segment of type h usually diminishes greatly.

,ure 108—Normal stress-strain curve of vulcanized

soft rubber containing no pigments.

As is apparent* from Figure 108, there is a point of inflection (that is, a point at

’dhicli the tangent to the curve crosses the curve) in the normal stress-strain curve of

'•d't, vulcanized rubber. This point of inflection has recently been studied by C. \V.

fhacklock [Trans. Inst. Rubber Ind., 8 , 568 (1933)], who found it to be influenced by
the cure, filler, and percentage of filler. The results of Shacklock indicate that the point

: inflection cannot be eliminated from the curve by applying the correction suggested by
Hatschek [/. Soc. Cheni. Ind., 40 , 251 T (1921)], and that the point of inflection must
therefore be an inherent property of the curve. (Also see “Physics of Rubber,” p. 395.)

The course of the stress-strain curve is dependent on various circumstances.
The first of these involves the raw material; i. e., the crude rubber,^ its

1‘Otanical origin, the method of coagulation, and the conditions and length of

storage before use.

^

Moreover even a first-class raw rubber can be injured by excessive milling

’luring the mixing operation. In order for differences in the stress-strain

curve to appear, it is not necessary that the rubber approach the “dead
milled” state, since the results of tensile tests reveal even a slight overwork-
ing. Noticeable reductions in ultimate tensile strength and elongation are

evident, provided there is material available for comparison which has been
properly mixed. The comparison will, however, be inaccurate if the experi-

ment is not planned specifically to study the influence of mixing.

^ n a full treatment is to be presented at this sion is mostly from a theoretical point of

»t. !t is impossible not to repeat certain ma-
. ^i^J^iator’s note by V. N. M.

from the section on "'Physics of Rub- 4 Consult the extensive work by O. de Vries in

by Hock (even though Hock’s discus- the various volumes o£ Arch. RuhbercuUuur.
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In this connection it may be mentioned that in almost all investigations o:

rubber there is a great factor of uncertainty, which can be sufficiently diiiiin*

ished only by careful laboratory technique.® Generally applicable direction^

can not be given here. The most satisfactory conditions for the actual circum-

stances must be determined so that they may be^ reproduced with certaintv.

The influence of conditions has been recently studied to a considerable extent,

particularly in America, where systematic research was conducted at con-

siderable expense after the war.^

Figure 109—Influence of the degree of vulcanization

the character of the stress-strain curve.

The influence of the degree of vulcanization on the character of the stress-

strain curve is more easily grasped. The general characteristics of a rubber-

sulfur mix without other compounding ingredients are illustrated in Figure

109. Four degrees of vulcanization, rising from a to d, are shown : a and b are

undervmlcanized (great elongation, low tensile strength)
; c is correctly vul-

canized (maximum tensile strength, while maximum elongation is reachec

with definite undercures)
;
d lies in the region of overvmlcanization (great

diminution in ultimate tensile strength and elongation). Within the ratk:

narrow limits of the correct vulcanization, the values for ultimate tensib

strength and elongation of individual tests are most constant. They are le??

constant in the region of undervulcanization (to the right of c), and leas:

constant for overvulcanization (to the left of c). Overvulcanized rubber has

besides its rapid deterioration, an especially high susceptibility^to tear in the

case of a notched sample (sec p. 601). It is possible for an increasing degrt:

of vulcanization to change the curve from type h (Fig. 107 b) to type c (Fig,

107 c), with compounds containing a greater amount of pigments.®

If rubber is tested shortly after vulcanization and the tests are repeate:

at inten^als, different values are obtained. In general, the physical properties

improve upon resting several days after vulcanization. As an example, the

results obtained with a slab prepared in the Materialprufungsamt from 9i

per cent Manihot rubber and 10 per cent sulfur are presented in Table 1

Table 1.

—

Effect of Time on Physical Properties of Vidcaniaed Riibberff

Time elapsed Ultimate Ultimate
between tensile strength elongation

vulcanization cts 5®

and testing kg./sq. cm. percent
3 Hours 39.2 952

26 Hours 42.8 959
7 Days 54.4 992

t This is an undervulcanized sample, which type is influenced most extensively by a period of ri;

after vulcanization.

® See the dissertation for the doctor*s degree by
W. de Visser “Het Kalandereffect en het
Krimpeffect van ongevulcaniseerde Rubber.**
(Amsterdam, 1925, J. H. de Bussy).

* Translator’s Note. For details of work along
this line, the reader is referred to Ind, Enff.
Ckem., 17, 535 (1925); tbid,, 20, 1245

(1928); India Rubber World, SI, No. 5. f

(1930k and Ind. Eng. Chetn., Anal. Ed., “I

174 (1929).— E. F. S.

® The reference is still to the principal^ typs

the opposite curvature at the beginniaf ^

type b is naturally taken for granted.
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Xormally the testing is conducted seven days and at the earliest three days

after
vulcanizationJ

Mechanical stress of any sort, if applied to the sample before the test

proper, will have more or less of an influence on the test results, depending

on the degree of stress.

Naturally the physical properties are dependent on the temperature to a

considerable extent. Van Rossem and van der Meyden,® working with a

nibber-sulfur mix, found the dependence of the stress-strain curve on the

•emperature to be as shown in Figure 110.® The influences of temperature

and humidity have recently been thoroughly investigated by the United States

Bureau of Standards.^®

Tensile Strength in kg.,'cm.-

riatire 110—Tensile properties of first latex crepe at

:S'C. (Group A) and at 147° C. (Group B), accord-

rig to van Rossem and van der Meyden. (The fig-

'ires at the ends of the individual curves indicate the

time of vulcanization in minutes. The illustration

jhould be turned 90° in a clockwise direction so that

the coordinate axes correspond to the usual manner of

presentation.)

/so ISO m 120 100 30 60 W 20

The practical importance of the determination of tensile properties at 100^ C. has re-

I’ently been demonstrated by A. A. Somerville and W. F. Russell* {hid. Eng. Chem., 25 ,

I'M (1933)], who made measurements on a large number of commercial inner tubes at
25° and 100° C. Some of these tubes were found to have very low properties at

C., whereas others exhibited tensile properties at 100° equal to or better than those
at 25°. These investigators pointed out that the high-temperature test may reveal condi-

tions of deterioration and overcure which are not noticeable in tests made at room tem-
perature. The compounding and vulcanizing conditions which favor high tensile prop-
- rties at 100° are discussed in the original article.

Compounding ingredients have a fundamental effect on the entire char-

acter of the stress-strain curve, depending on the specific materials and
amounts used. The possible variations and combinations are so numerous
that a mathematical analysis of the curves presents extraordinary diffi-

culties.^^

The influence of conditions of storage after
vulcanization upon the results has been re»
cently thoroughly investigated. IJnd. Eng.
Chem,, 2Qp 1245 (1928)]. (Translator’s Note.
Laboratories in the United States generally
perform tests 24 hours after vulcanization.

.
E, P. S.)

^Kmtschukp 3, 364 (1927),
^ ^ also LeBlanc and Kroger, Kollcid-Z., 37,

205 (1925); and Tener, Kingsbury, and Holt,
Bur. Standards Tech. Paper

^

No, 364 (1928).
Franklin Inst., 206, 385 (1928); Bur. of

Standards, Tech. Paper, 364 (1928).
* Translator's note by V. N. M-

P. Schidrowitz and H. A. Goldshrough sub*
mit the equation of a conchoid curve for rub-
ber. They cover only a very narrow field,

however.
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The breadth of the field and its consequent complexity are shown by the

many curves for different mixes and degrees of vulcanization {See Fig. Ill

Curves I-IV in Figure 111 are representative of four characteristic groups’

Another source of difficulty is the insignificance of deviations within a

group. In spite of their insignificance, these deviations frequently indicate

pronounced differences which can be prominently shown by other tests.

Thus many carbon blacks differentiate themselves in compounds only by
the straight or slightly curved upper portion .r y of curve II in Figure’lli,

although crushing and elasticity tests show a marked difference. Even
though the curves are not defined with mathematical exactitude, they nrav

be limited to four principal types. The characteristic shapes of these can

be remembered clearly and deviations quickly recognized.

Figure 111—Stress-strain curves of typi-

cally different soft rubber compounds.
Figure 112—Tension test, with the pro

ress of the elongation interrupted at -

There are conditions influencing the test results which are inherent in

the test procedure. Those of importance are the shape of the sample

(which is fully discussed in the next section) and the rapidity with which

either the load is applied or the elongation made.* Undervulcanizatiur.

postulates a greater susceptibility to the influence of speed than do normal

or overvulcanization. For comparison of results, the speed must be stand-

ardized. For the usual technical testing, in which the speed is neither very

fast nor very slow, it is not necessary to make special provisions to main-

tain a standard speed to within a few per cent. The effect of speed i.-

not sufficiently great to require such standardization. Figure 112 illus-

trates the stress-strain curve of a rubber-sulfur mix with an ultimate ten-

sile strength of 165 kg./sq. cm. (2346 Ibs./sq. in.) and an ultimate elonga-

tion of 700 per cent. At point a (stress a= 76 kg./sq. cm.; corresponding

elongation 8= 570 per cent) the machine was stopped, and the ring sam-

ple was allowed to rest for three minutes at the elongation of 570 per cent

which had been reached. The load indicator was automatically held at

the highest point, so that the actual drop in tension was not shown. Be*

* Translator's Note. A study of tensile tests

at high siieed has been made by A. van
Rossem and H. B. Beverdara [Rev. gen.
caontchmSf 7, No. 67, 27 (1930); Rubber
Chem. Tm:k., 4, 147 (1931)]. They found
that a ram pendulum is satisfactory for sim-

ple, high-speed tensile tests and for the dirKl

determination of the optimum energy at rap-

ture, but recommended that a better

should be developed for more exact

— V. N. M.
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cause of the lowered tension in the spiple, the curve runs horizontal for a

short length upon starting the machine again. This length corresponds to

an increase in elongation of about 12 per cent. Then follows an increase
intension, occurring with a smaller increase in elongation than was the

case before stopping the progress of the test. This continues until the

curve again coincides (after about 10 kg./sq. cm. [142 lbs. per sq. in.] in-

crease in tension) with the extension of the curve below a. The disturb-

ance at a is effective for only a small portion of the curve.

In concluding this discussion of the stress-strain curve, reference must
be made to several points which are found in the American and English
technical literature.

Schidrowitz proposed the expression ‘‘slope’’ (or “type") tu charac-

terize a soft rubber. Slope is expressed in terms of the equation,

in which E is the elongation at a load of 60 kg. Aq. cm. (850 lbs. 'sq. in.)

and El is the elongation at a load of 104 kg./hsq. cm. fl480 lbs. sq. in.).

The choice of this portion of the curve is naturally arbitrary. The hv-
puthesis that “slope” C'type”) is characteristic for a certain rublier and
independent of vulcanization or other circumstances is contradicted cctr-

rectly by O. de Vries on the basis of his numerous investigations of dif-

ferent rubbers. O. de Vries believes, however, that the upper portir»n r*f

the stress-strain curve typifies certain properties of the material, and that

a study of these relationships would be justified. He suggests the elnnga-

tion at 130 kg./sq. cm. (1850 Ibs./sq. in.) as a characteristic number, in

addition to the ultimate tensile strength and ultimate elongation. This is

based on his work, which has been mostly with rubber-sulfur mixes with-
out other compounding ingredients, and which has had as its purpose the
evaluation of rubber.
In the American rubber literature, the term “stiffness" is also used. It

corresponds to the difference in stress which is necessary to raise the elon-

gation of compounds without an accelerator from 600 to 800 per cent and
those with an accelerator from 500 to 700 per cent. In the case of “slope"
'‘‘typ^”) two stresses are fixed and the difference in elongation between
them is the measure. With “stiffness” the reverse is true

;
two values for

elongation are fixed and the corresponding difference in stress is the mea.s-

iire. The ultimate tensile strength and ultimate elongation alone do not
give sufficient data for evaluation of the Cjuality of soft rubber, as has been
mentioned previously. The product of the ultimate tensile strength and
the ultimate elongation, which is still often mentioned in the English and
American literature as tensile product, shows still less. This product is a

misleading quantity, since it does not show the character of the curve.
Fompare with the discussion on p. 517 in connection with Fig. 107 a-c,)

*^Slope” and “stiffness” convey an estimation of the character of the
mrve, although only to a limited extent. These quantities may be used if

disbelieved that the determination and reproduction of the entire curve
is unnecessary. For thorough investigations, however, it is impossible to

<lispetise with the complete stress-strain curve.
Finally, several remarks are in order with reference to averaging tests,

for Figure 107 a-c (^compare the footnote on p. 533 also). The reasons for

^Indh, Rubber J,, 51 , 505 (1916). /. Soc, Chem. Ind., 39 ,
30ST 4l92U).
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the fluctuations of individual values for ultimate tensile strength and ulti-

mate elongation are not clear if the curves are not plotted. It is uncertain
whether the}’' are caused by accident, small local effects, etc., or whether
they are dependent upon characteristic inequalities in the properties of

the material (particularly with respect to vulcanization), which are shown
only by the complete diagram of each separate sample. In Figure 113 the

values for the ultimate strengths and elongations are near each other. Con-
sidering these alone without reference to the entire curve leads to the

conclusion that the material is quite uniform. In Figure 114 the individ-

ual values are farther apart than in Figure 113, especially for the ultimate

tensile strengths. They lie on the same stress-strain curve, however,

Figure 113—End points of different Figure 114—End points of identical

curves lying near each other. curves showing divergence.

which indicates that the material is uniformly vulcanized. Great fluctua-

tions are shown by the individual samples only when the curve reaches

the higher portion. Material which has not been overvulcanized shows

these differences principally because of accidental circumstances. Those

of greatest importance are foreign bodies in the rubber and poor prepara-

tion of the samples, which lead to the latter being injured somewhat even

before the test. With overvulcanized material, having no irregularities

recognizable with the naked eye, these fluctuations are the rule. They are

considered characteristic of the overvulcanized state. Such overvulcan-

ized samples of soft rubber show a great susceptibility to tear after nick-

ing, as has already been mentioned.
Before the discussion of test methods is continued, it must be under-

stood that the preliminary treatment of materials, the temperature and

speed of test, and other factors, the effects of which on the results of ten-

sion tests have been thoroughly discussed in this section, are of equal in-

fluence with respect to other sorts of stresses, such as pressure, bending or

twisting
;
and the results will be affected in a degree corresponding to the

particular test. In considering the remaining types of tests these topics

will not be review- ed. However, they must be kept in mind.

Requirements avith Respect to the Shape of Samples Used For

Tensile Tests

In the matter of the requirements as regards the shape of samples for

tensile tests, the following points can be mentioned:

^ It is understood that the same units of elonga-
tion and tensile strength are used for each of
the three curves. The elongations and loads
should be read at suitable points by the ‘"two
observer” method and calculated to the proper
units, and the curves drawn from these data.
Another means is to make use of the auto-

matic curve-drawing instrument of A.

described on page 542. Instruments wM
are not adjustable cannot be used directty.

Otherwise the unavoidable fluctuations m tte

measurements of the samples could create 2

condition as in. Figure 113, although the a*

dividual curves are practically identical
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The samples must be simple, and the form must be reproducible with
sufficient exactness. It must be possible to make clean cuts without diffi-

culty (by using the proper tools) and thereby obtain samples which are
affected as little as possible by minor influences and whose cross sections

can be easily measured for the calculation of tensile strength.
Experience in testing materials in general has shown that test results

are affected by the shape and size of the sample. Investigations in the
Materialprufungsamt have proved this to be true for soft rubber also.

Therefore, a direct comparison of results obtained at different testing
laboratories is only possible if a definite form of sample has been used in

determining the data. For this reason the form to be used is so chosen
that it can be made sufficiently uniform in practice and can be easily

duplicated by all laboratories.

The sample must also be of such shape that it can be fastened without
great difficulty in the machine used for tensile tests. Furthermore it must
be so held in the machine that even with compounds of high elongation
there will be no release at the grip. It is especially necessary that no fur-

ther tightening by hand should be required during the test.

The ring-shaped sample has been adopted practically all over Germany
as the usual test form for tensile tests on soft rubber (Fig, 126). In pre-

paring the sample a closed ring is generally stamped out of a rubber slab.

If the material to be tested is in tubular form, the test rings can be made
by cutting the tube into sections perpendicular to its longitudinal axis.

Besides the ring form, the rod-shaped sample is still used here and there.*

These are prismatic in shape, with or without enlarged ends used for hold-

ing them in the grips, and are stamped out of a slab of rubber.
The use of rubber threads or rubber bands for tensile tests is also to be

mentioned.

The Bar-shaped or Dumb-bell Test Strip

Before the ring-shaped sample became the preferred type for tensile

tests on soft rubber in Germany, samples in the shape of dumb-bells and
bands were in use for this purpose almost universally. It w'as at this time
that the Materialprufungsamt began work on the mechanical testing of

rubber. Their first efforts were directed to a basic study of the different

bar-shaped test pieces. Although later German practice has developed

overwhelmingly in favor of the ring test sample, an outline of the valuable

data obtained from this study should be given here.

Memmler and Schob used six different compounds, in the form of slabs

6 mm. thick, for their investigation of the influence of shape of the sample
on the results of tensile tests. In the choice of these compounds, particu-

lar care was taken that they should show characteristic differences in

stress-strain properties, as found commercially.
The influence of shape was studied, using the six different types as il-

lustrated in Figure 115. Four tests were run with each compound and
with each test shape, both parallel with and perpendicular to the long di-

mension of the slab. Altogether 288 tests were conducted.
Samples of form A in Figure 115 were cut from the slab with an ordinary

* Translator’^s Note. It is general practice in discussion of **dumb-beir* test strips.) E.F.S.
America to use this type of test sample. (See
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knife. Samples of forms B and J)
were stamped out in a hydraulic press.

using dies as shown in Figure 117. o i mi u- /

1

The tensile tests were carried out with a Schopper-Dalen machine (de-

scribed later) The grips illustrated in Figure 116 were used. The loads

were increased at the same rate, and the corresponding elongations for the

individual load increments were read from bench marks (10 and 30 mm.

apart) previously placed on the sample There were approximately 10

readino-s to the breaking point. Two difterent sets of bench marks were

used to determine the effect on the elongation of length and ot position

with respect to the dumb-bell ends.
.

The extent to which the bar-shaped sample meets the requirements set

forth above for a satisfactory form will be considered on the basis of the

data obtained in this work.
. i -ti i i .

The problem of easily making bar-shaped samples with sharp edges and

Diane surfaces would be overcome if the simple test strip A in Figure 115

could be o-enerally applied. The data in Table 2, which gives the ultimate

tensile streno-ths of the six compounds using the different shapes (each

value represents the average of four individual tests), show that Form A

B' C B

Figure 115—Various bar-shaped (‘‘dumb-bell”) samples.

is not generallv applicable. This conclusion is drawn from the fact that,

with most of the compounds tested, the ultimate tensile strength is con-

siderablv lower with Form A than with the other forms. Moreover, the

results with the different compounds show a very wide variation in the

values for the ratio of the tensile strength with Form A to the average

tensile strength (ree Table 2).
, ,

The pressure which is placed on the soft rubber sample by the grips ot

the testing machine influences the determination of the tensile strength

to varving degrees. To overcome this effect, bar-shaped strips must have

the ends broadened in proportion to the width of the strip itself, thib

necessitv, which was previously observed in testing the tensile strengt o

fiat bars' of iron and steel, is generally recognized."^ The types of these

broader ends, as used in the testing of rubber, are shown in figure “J,

B-D. To attain the goal of straight cuts in makmg such samples iro

slabs is difficult. Rubber has the peculiarity of turning aside under tn

pressure of stamping; therefore the thicker the slabs the smaller is

IS See Martens, “Handbuch der Materialkunde J, Springer, Berlin, 1912,

fur den MascUinebau” p. 41, section 71,



possibility of getting* a perfect cut. Contrivances described later { on

p. 531), which are of value in making ring-formed samples, are scarcely

worth consideration here, because of the great difference in profile be-

tween them and the dumb-bell strips. Moreover, in the case of soft rub-

ber compounds it is very difficult to obtain altogether satisfactory sam-
ples with rectangular cross sections by vulcanizing in or grinding to the

^lesired shape.

Besides the difficulties in making the test^ strips, there are those

encountered in fastening them in the test machine. Because of the ustt-

ally great deformation of soft rubber, the test pieces tend to slip from the
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Table 2.- -The Inflitcicc of Different Bar Shapes on the Ultimate

Tensile Strength of Rubber.

Shape
of

sample

(See Fig. 115)

A
B'
C'

B
C
D
Average

A
B'
C'
B
C
D
Average

aT '

B'
C
B
C
D
Average

A
B'

C'
B
C
£
Average

A
B'

B
C
D
Average

A
B'
C'
B
C
D
Average

First Direction

of Sheet H
*

Average
ultimate

tensile has

strength oi

kg./cm.“

16.2

43.2

53.2

77.6

87.0

55.4

12.8

14.4

16.8

16.8

19.3

18.9

16.5

97.5

100.5

99.5

114.5

97.1

101.1

101.7

30.2

52.4

68.7

86.4

66.1

72.8

62.8

16.5

29.5

29.5

29.0

30.7

28.9

27.4

16.2

23.5

22.6

22.3

22.2

22.9

21.6

average
= 100

Second Direction

of Sheet -L. *

Average
ultimate Ratio

tensile based
strength on

ffz average
kg,/cm." = 100

17.6 30
46.2 78

» The samples were taken from the sheets in two directions perpendicular to each other (lengthwise ffi-

crosswise).

grips before the break occurs in the free part

the grips have been very tightly fastened before the test. Dun g

Se S-?ps must b. tighienfd. Reputed experiments I**™ bee. J
prevent this slippage by increasing the friction between * P

grips, harder rubber or fabric being used on the faces of the gr p .



THE DUMB-^BELL TEST STRIP 527

this expedient fails in most cases, when used on very extensible com-
pounds of low pig’ment content. T. his further tig’htening" of the grips dur-
ing the test exerts an uncontrollable influence on the stressing of the sam-
ple. The difficulty of conducting the tests on a uniform basis is thus
increased. Mechanical devices for increasing the pressure of the grips

are used to some extent, but they are uncertain in operation and often
exert excessive pressure on the dumb-bell ends, thus causing a break at

the grips instead of in the free portion of the test strip. Memmler and
Schob found, during their research work with bar-shaped test pieces, that

the additional stressing of the material caused by the fastening in the
^rips is very great in the case of compounds with great elongation, such
as the one they used (tensile strength of 124 kg./sq. cm. [1763 Ibs./sq, in.],

and ultimate elongation of 828 per cent). With this compound, the
breaks occurred in the broad ends of the strips (with one exception),
regardless of the type of dumb-bell sample used. {See Fig. 115.) Since
these breaks in the ends always started from the middle rather than the
edge, a sample with even broader ends, that is, one having a ratio smaller
than 1 to 5 between the length of the bar and the width of its ends, would
not offer any greater assurance of success. Moreover, the difficulties of

making such awkwardly shaped samples and of fastening them in the

grips would be considerable.

The objections to the bar-shaped sample are not 3'et exhausted. To be
able to ascertain the elongation at the desired points, the measurements
must be made on the bar portion of the sample, because the characteristics

of the fastening for this type of test (which are described above) allow
no other method. Even for tests of but limited accuracy, the measurement
of the elongation as the distance between the grips is impossible, because
the slippage of the sample through the grips would introduce an error,

varying in degree according to the compound used. Measurements of the
dongation on the bar necessitates putting lines (bench marks) across the

sample itself and determining the separation of these lines. Readings of

both marks must be made during the test. Moreover, these readings of

strain must be made simultaneously with those of stress, since the dura-
tion of the loading exerts a great influence on the elongation (as explained
later). With original lengths of more than one centimeter this becomes
difficult Since it is necessary to avoid injury to the surface in making
these marks, only ink may be used for this purpose. With increasing
elongation, however, these marks become very broad so that the exact-

ness of the measurements is decreased.
There are further practical difficulties with the bar-shaped sample, in

that a ruler must be used to measure the elongation. For every reading
the ruler itself or an auxiliary pointer must be brought to the marks by
hand. If it were desired to fasten the ruler to the sample with suitable

devices, as is usually done in tensile tests on metal, there would be no
assurance that the instrument would not move, because the changes in

cross section are very great in the case of rubber. Therefore, even in this

case, the position of the ruler would have to be adjusted for each measure-
ment of elongation. The determination of the ultimate elongation is diffi-

cult because the break may occur unexpectedly (particularly with very
extensible compounds), and it is seldom that the elongation can be read

^See p. 547, Fig. 137A, where a device used by the United States Bureau of Standards is shown.
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exactly at the instant of break. Several machines using* bar-shaped riih
her samples record the stress-strain curve automatically. The foregoin<T
discussion arouses justifiable doubt concerning- the reliability of such
curves. ]\lemmler and Schob extended their investigations with the
bar-shaped test pieces to include the extent to which the measured elon-
gation is affected (1) by dift'erent distances between bench marks, I, and
(2) by the ratio of the length I to the total length Ip of the bar portion of
the dumb-bell strip {see Fig. 115, p. 524). Since these values are known
to have an influence in the testing of metals, it seemed worth while to
consider this question in testing soft rubber. The data showed that dif-
ferent lengths between bench marks (10 and 30 mm.) with shapes A B'
and C' (Fig. 115) had no influence on the measured elongation. \Vitli
these three types of test strips, the distance between the bench marks is

less than the total distance between the broadened ends of the strips
even when the bench marks are placed 30 mm. apart. Consequently the
changes in cross section and length of the portion between the bench
marks are not aftected by the dumb-bell ends of the test strips.

These results are in direct contrast to those obtained in testing iron and
other extensible metals, with which the size of the measured portion under
observation (corresponding to the distance between bench marks) does
influence the measurement of the elongation. In fact it is necessary to set

up a certain initial relationship between the measured length under test

and the cross section of the bar (11. 3 \/ F, rule of similarity
;
refer to the

above mentioned literature reference), if comparable results are to be
obtained. The explanation of this contrast lies in the fact that rubber
exhibits an essentially different type of elongation with increasing load
from that of iron or other metals (see p. 406). As a rule metals having a

large change of form show a local constriction at the breaking point and
the nearby vicinity, and this section has a greater specific elongation than
the rest of the measured length under test. In order that the measured
elongation shall not be influenced too greatly by this greater specific elon-

gation near the point of break, it is necessary that the portion of the sample
under test be rather long. With vulcanized soft rubber, the break occurs
without any appreciable constriction, and there is therefore no necessity

for a large distance between bench marks in order to minimize the efitect

of constriction at the point of break.
The tests conducted indicated that variation in the ratio of I to Ip does

not affect the measured elongation of bar-shaped samples, provided the

measured length between the bench marks is kept within the limits of

the free prismatic portion Ip of the sample. Samples of Form D (Fig.

115), which were formerly used to some extent, do not comply with these

requirements, since they have no prismatic portion whatever.
All of these conclusions indicate that the inexperienced worker can be

easily led to incorrect conclusions regarding the properties and value of

the tested rubber when using the dumb-bell strips. Therefore the use of

this type of sample for testing soft rubber should be restricted to those

cases where the ring-shaped sample cannot be used. The information

which is necessary in connection with the use of the ring-shaped sample

is given in the next section.

” Mitt, Materialprilfungsamt, Berlin-Dahlem, See Martens, “Handbuch der Materialkitirfe

27, 173 (1909). fiir den Maschinebau,” p. 94, section 141,1
Springer, Berlin, 1912.
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The bar-shaped* or dumb-bell test strip is in much greater favor in America than in

flerniany, and has been adopted as the standard form by the Physical Testing Commit-
tee, Rubber Division, American Chemical Society. This committee has published de-
tailed recommendations regarding the following aspects of the preparation and physical
testing of rubber samples : dimensions and temperature of the mill, mill opening, batch
weight tolerances, mixing procedure, storage of mixed batches, preparation of raw stock
for curing, curing, handling of molds, cooling of cured slabs, dicing of specimens, coiidi-

tiuiis for testing, measurement and marking of specimens, temperature and speed of
testing, and evaluation of results. For details of this tentative laboratorv procedure the
reader is referred to Rubber Age (N. F.j, 26 , 429 (1930) or Rubber Chem. Tech 3
179 (1930). The standard procedure of the American Society of Testing Materials fur

the testing of dumb-bell strips is published in the ‘‘Book of A. S. T. M. Standards,” sec-

tion D 15-32, p. 1154 (1933), \.".i!e ti-ai uf the United States Government is described in

U. S. Treasury Dept., Budget Bureau, Federal Standard Stock Catalogue, Section 14,
Part 5. ZZ-R-601 (1930).

The Ring-shaped Sample
At least sixty years ago investigators were already using ring-shaped

samples for tensile tests, probably to overcome the previously mentioned
difficulties of fastening the bar-shaped samples. Stevart used rings of

108 mm. outside diameter, without, however, stating how the rings were
made. In the work of Breuil,'^ tests were conducted with ring-shaped

samples, which were made from rubber tubing by cutting off sections of

different widths perpendicular to the length.

The machine brought on the market in 1908 by Louis Schopper of Leip-

zig directed especial attention to the use of the ring-shaped sample for

testing soft rubber. This machine will be thoroughly described on page
542. At the instance of Dalen (formerly on the staff of the Materialpriif-

ungsamt), Schopper used ring-shaped samples. During the test, the rings

move over rollers, which are part of a suitable contrivance fixed on the

machine. In this manner, the entire length of the sample is uniformly
elongated. There is a peculiarity in the use of these moving rings, the

significant effect of which on the test results will be explained later. i Sce

11 . 537.)

In making ring-shaped samples, particular care must be exercised to

ubtain the most uniform rectangular cross section possible, in order that

the area of the cross section for the calculation of the specific tensile

strength of the material will be as free from objection as possible. There
are three methods in use

:

1. Vulcanization in the ring form,
2. Cutting from slabs.

a. by stamping with a ring-shaped die.

b. by a rotating knife (if the knife remains stationary and the slab ro-

tates, the process is naturally the same).
3. Cutting of tubes.

The first method, vulcanization in the ring form, is not advisable- It

is inconvenient, and the sample can easily be irregular. Moreover, there
is the additional operation of removing the overflow.

With due regard to the dimensions of the particular soft mbber sample
to be tested a choice is made between methods 2 and 3. Since stamping
shows a considerable saving of time compared with cutting, an effort

should be made to have the material for test of such dimensions that a

standard die may be used. In those cases for which the standard die can-
not be used methods 2b or 3 are employed.

•Translator’s note by V N M ^ Caautciwuc & gutta-percha, 1, 54, 76 (1904).
^B%ll musee ind. Belg.l 57*, No. S (1370).
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Since deviations from the dimensions of the standard ring occur, par-
ticularly with respect to the cross section, the influence of different cross
sections of the sample on the test results must be considered {see p. 534V
The method of stamping standard rings according to the procedure of
Schob, using the Schopper stamping press for the purpose, is as fol-

lows :

From a slab 6 mm, thick, a disk 57 mm. in diameter is first stamped out, using the
largest die. As shown in Figure 118, this disk is placed on a sheet of cardboard and
properly centered in a conical centering ring, which is broadest at the bottom. A second
die is used to stamp out a disk of 52.6 mm. which corresponds to the outside diameter of
the standard ring. Using the same steps, but with a die 8 mm. less in diameter and a
centering ring, another disk of 44.6 mm^. is stamped out. Thereby the standard ring of
52.6 mm. outside diameter is completed.”^ If only a small amount of material is avail-

able, the process may be repeated, using a fourth die 8 mm. smaller and a centering ring

to obtain the '‘small standard” ring of 44.6 mm. outer and 36.6 mm. inner diameter (for
the justification for using the “small standard” ring without any correction, see the results

of the investigation involving rings of different diameters, as given on p. 537). Neither
water nor a soap solution is used for the stamping

; the rubber is kept dry.

1
4-

Ring Die
r

_
Rubber Disk

Centering Ring Widened

Base Plate

at Botton
^ Cardboard sheet

i rn thisk

Figure 118—Preparation of ring samples
by stamping.

L-_i I r '

i \

Figure 119—Concave cut (without cen- Figure 120—Convex cut (centering rhg

tering ring). was too narrow).

The remaining disk of 44.6 mm. or 36.6 mm. diameter may be used for

impact elasticity tests with the pendulum hammer {see p. 571). The large

disk, which has a hole in the center, may be used for abrasion tests {see p.

594). A detailed description of the development of this stamping process

has been given elsewhere by Memmler and Schob.-“ The necessity of the

preliminary cut with the largest die and of the conical enlargement at the

bottom of the centering ring are discussed in this article.

In stamping a round disk from a sheet of rubber the result is not a cylin-

drical cut because the die first presses the rubber together strongly before

it actually cuts. Some of the material which is forced outward during the

pressing springs back after the cut. Surfaces cut as shown in Figure 119

are the result. Even if the interior cut of the ring were cylindrical, an out-

er surface of such character would still be objectionable. Not only would

the cross section measurement not be exact, but also the sharp edges

would offer an opportunity for formation of nicks, which influence the

results of tensile tests. If a disk of the shape shown in Figure 119 is

mounted by means of a centering ring with no play, and a ring is cut in

the manner illustrated in Figure 118, the shape of the resulting inside

The inside diameter of 44.6 mm. is required used as the standard sample,

by the rollers on the Schopi^r-Dalen machine; Mitt. Materialprufungsamt,
rings of 70 mm. inside semi-circumference are 27, 178 (1909).
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disk will be that of Figure 120. This is the case because the material out-

side the die is pressed inward before the cut takes place. Upon execution

of the cutting, the material which has been pressed to the interior *of the

die springs back and an enlargement results. Therefore the centering

ring which holds the disk must be broadened at the base so that the mate-

rial which is pressed by the die will move neither inwards nor outwards.

This enlargement of the centering ring can only be determined empiri-

cally. One ring for soft and another for harder compounds is sufficient,

if the thickness does not deviate much from 6 mm/-^

Figure 121 illustrates the usual stamping press for making test rings.

The Schopper firm has also brought on the market another type of con-

struction, in which the dies and centering rings are arranged on a revolv-

ing head (Fig. 122). This arrangement obviates the necessity for setting

up and dismantling the apparatus for use with the various dies. Natu-

rally, the dies are so equipped that the stamped-out disks can be readily

removed.

Figure 121 (Above)—Simple Schopper
ring-punching machine.

Figure 122 (Right)—Schopper ring-

punching machine with revolving multiple

cutter head.

If only rings and disks are required for testing the desired compounds,

a suitable number of slabs (having a thickness of 6 mm.) are prepared, so

that the number of samples necessary for duplicate tests can be obtained.

Each ring necessitates a square with sides 60 mm. in length. If the com-

pound is vulcanized in block form (so that, besides the rings and disks,

balls for the crushing test described on p. 589 ^may be made) or if the

rings are to be obtained from solid tires or similar articles, an octagonal

block of 60 to 65 mm. diameter is cut, using a knife moistened with soapy

Translator’s Note. According to R. E. Ixjfton

[Ind. Eng. Chem., Anal. Ed., 4, 439 (1932)],
a microscope of low power may be used to

advantage in measuring the cross-sectional

dimensions of dumb-bell test specimens who-
ever an unusual degree of accuracy is de-

sired. Lofton has observed that the width of

specimens is usually greater than that of the

die with which they were cut and that the

thickness of soft compounds as determined by

the microscope is greater than that indicated

by a gage of the plunger type. — V. N. M.
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water. The surface of one end is cut so as to be as smooth as possible
and then the block is mounted (by means of an adhesive) on a wooden
cylinder. This cylinder is fastened in the chuck of a lathe. (Fig. 123.)
Using a thin, pointed knife, which is kept moistened with soap}^ water or a
dilute solution of soda, slabs of 6 mm. thickness are removed.

It is possible to make rings of other than standard dimensions bv
stamping provided they are not too thick nor too small. If certain other
sizes are encountered frequentl}^ a suitable set of dies and centering rino-s

should be provided. Otherwise, samples must be cut on a lathe as shown
in Figure 124 (which illustration is self-explanatory). To obviate gluino-

the disk of rubber, a wooden cylinder, cardboard sheet, and the rubber
are loosely laid together and held by the tail stock spindle. If clean-cut

rings are to be obtained, however, it is often necessary to fasten the rubber
disk directly to the wood with an adhesive. The pressure of the tail stock
spindle is not then required.

. CH ucK
V DlbK Of wood
/Tx Adhesive wax

rrr^BlctiK of

-I-

rubfer

.Knife

Cl 30pport

Wood
ihusk XJardboard Support

'
'

'^/Rubber Lisk
^

,
/Sheet of netal which
is pressed lightly

- — ~ i
r

]*

j!

Support

Figure 123—Cutting of disks 6 mm. thick Figure 124—Preparation of ring sample?

on a lathe. by cutting on a lathe.

The cutting of rings from tubing is carried out essentially as illustrated

in Figure 123, except that, instead of the block of rubber fastened to the

disk of wood, a wooden mandrel is fastened directly in the chuck. The tail

stock is used as a support only in the case of longer mandrels. The

diameter of the mandrel should be so chosen that the tubing is not

stretched greatly while being pulled into place. On the other hand, the

tubing should be so tight that it does not turn during cutting or grinding.

(Grinding is occasionally required to smooth the outer surface before

cutting the rings.)

To test the ring-shaped sample, Memmler and Schob used the same six

compounds which were used in their investigation of the bar-shaped sam-

ple. Rings of 52.6 mm. outer diameter and 44.6 mm. inner diameter (and

with cross sections of 4x6 mm.) were subjected to tensile tests on the

Schopper machine. The results of these tests on the rings led to conclu-

sions which will be considered briefly.

1. As has been mentioned, rings for test purposes can be made easily

and with sufficient exactness. Therefore it is possible to make test pieces

freer from objection with the ring-shaped form than with the dumb-bell

shape.

2. The fastening of the ring in the tensile test machine, the procedun

of the test itself (see p. 542), and the method of measuring the elongation
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are all considerably simpler and more reliable procedures than is the case

with the dumb-bell strip. {See p. 527.) The ring test on the Schopper
machine requires iio further attention after adjustment of the sample ami
starting the machine.

3. In contrast to the bar test, the ring test may be used with soft rub-

ber compounds having very great elongations. Dumb-bell strips are de-

nied this application because the breaks occur in the grips, and conse-

quently the results are not free from error.
^

4. if the load on strips and rings of the same compound is increased

by steps, and the corresponding elongations are plotted on stress-strain

curves (as has been done in Figure 125), the curves of all six compounds
in the strip form lie to the left of those tested in the ring form. Therefore,

for the same load, strips give a smaller elongation than ring sam])les.'“

Figure 125—Stress-strain curves of different soft rubber compounds determined witli

ring- and bar-shaped samples.

A—First direction of sheet -Ring samples.

B—Second direction of sheet Bar samples.

One objection to the ring-shaped sample is the impossibility of deter-

mining differences in tensile strength and elongation parallel and at right

angles to the length of the slab. If it is only required to find the direction

of lowest tensile strength, this is easily accomplished by drawing a line

un the slab (parallel to the length, for instance) before stamping out the

rings. From the position of the break with reference to the mark, the

direction of least resistance is found. Naturally the average of several

tests is taken, since the break occurs at the weakest point, and the loca-

tion of this point is dependent on certain variables such as non-uniformity

in the grain of the rubber or in the compounding ingredients. Therefore,

several tests are necessary to determine to what extent the results are due

to chance and to rule respectively.^^

“ Similar investigations by the Bureau of
Standards gave the same results, as is shown
in Circular No. 38 of the Bureau (Sth ed.,

,
1927).

*Tlie esteemed rubber investigator. Dr. K. Gott-
lob, who unfortunately died too soon, held
t^t only those results which showed the
highest tensile strengths should be chosen from
a set of tests. All the lower values are
^used by disturbances which have nothing to
uo with the material. In some instances this

view is allowable; for example, when the study

is concerned solely with the effect of a com-

pounding ingredient. This method is not suit-

able for the practical examination of a com-

pound, however. To insure a greater factor

of safety, it would be better to use the small-

est values. It is not necessary, however, to

apply this extreme. As is the general prac-

tice, the average values are used, and when
the individual values deviate greatly^ from the

average, these deviations are also given.
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If it is desired to examine the tensile and elongation properties more
closely in a certain direction—for instance, if an investigation of the so-
called calender effect is undertaken—there is no alternative but to use tlie

strips, in spite of their dehciencies. The results of the investigations bv
Memmler and Schob showed the extent of these deficiencies, and how they
prevent proper evaluation of a rubber-sulfur mix with respect to ultimate
tensile strength and elongation. Testing such a compound in the dumb-
bell strip form (consequently not Form A, Fig. 115) showed an ultimate
tensile strength of 67 kg./sq. cm. (953 Ibs./sq. in.) and an elongation of

654 per cent. Using the ring-shaped sample on the same compound, ihev
obtained an average of 124 kg./sq. cm. (1763 Ibs./sq. in.) for the ultimate
tensile strength and 828 per cent for the average elongation at break. This
example shows the great influence which the choice of the form of sample
can have on the results of tensile tests made on rubber. It is worth while
to weigh carefull}^ the advantages and disadvantages of the test forms
before the decision is made in favor of a particular one.

Investigations had to be carried out to determine the nature and extent of

secondary influences in the case of ring samples.

In the first place, it was necessary to determine what effect the dimensions

of the ring would have on the test results, and what dimensions would be

the most suitable. IMemmler and Schob used four different compounds;
namely, samples I, II, Va and Vila which had been used in the earlier work,

(the last two were from a later supply of V and V'll). Tests were carried out

with rings of different dimensions on the Schopper-Dalen machine. The
equipment for stamping out the rings and procedure for testing described

on p. 531 were used.

In order to study the influence of variations in width of the ring on

test results, rings having widths of 2, 4 and 6 mm. and the same inside

diameter were stamped out of the same compound. The necessary dies and

corresponding centering rings for cutting the outside diameter were made
especially for this test. It was found that rings 4 mm. wide, such as were

used exclusively in the first investigations, were of the size which could most

easily be made to exact and uniform dimensions. In spite of very close fitting

centering rings, wide samples make it difficult to obtain a cylindrical cut

with soft compounds. With very small rings, on the other hand, the outer

surface easily becomes concave. The space between the disk and the centering

ring must be veiw” accurate, and the centering becomes difficult and uncertain,

Moreover, small differences in the hardness of compounds and small differ-

ences in the thicknesses of slabs unfavorably influence the possibility of ob-

taining good cylindrical rings.

The results of these tests are tabulated in Table 3. The values and %
for each width represent the averages of 15 separate tests, 180 tests in all being

run for this purpose. According to these results, the tensile strength of exten-

sible compounds decreases as the width of the ring increases. In contrast

with this, the ultimate elongation is not appreciably influenced by the width

of the ring. Logically, wudths (of the ring) sufficiently greater and smaller

to determine whether the curves for the ultimate tensile strengths finally

become asymptotic to one of the coordinate axes should have been used.

Difficulties in performing the test prevented this, however. It is impossible to

prevent tipping on the rollers as the load increases, if the ring has a greater

See Fig. 126. The terms “width” and “thick- ary, since “width” refers to the thickness ci

ness” of the ring are not used as is custom- the slab from which the rings are taken.
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Table 3—Comparison of the Results for Tensile Strength and Elongation zAien
using Rings of Different Widths, (2, 4, 6 mm,)

Width Ultimate

Compound

of
ring

h
mm.

tensile

strength

kg./cm.^

Ultimate
elongation

5.

per cent

Ratios
(4 mm. width=

for
(T,

TOO)

3,

2 158.9 808 135 100
I 4 117.7 806 100 100

6 97.4 809 83 100
2 18.9 182 101 94

II 4 18.8 193 100 100
6 17.2 183 91 95
2 105.8 611 109 99

Va 4 97.1 624 100 100
6 87.5 628 90 iOl

2 25.2 187 92 93
Vila 4 27.3 202 100 100

6 26.0 199 95 99

width than thickness. Even with the square cross section (6 mm. width, 6
mm. thickness), a tendency to tipping begins to be disturbing with the more
extensible compounds.
Rings of widths less than 2 mm. can not be stamped out with sufficient

exactness, as explained above. Smaller rings can be made by circular cutting,

as described on p. 532 {see Fig. 124), should this become necessary for any
reason.

If slabs of greater or smaller thickness are used instead of those employed
in these investigations, other widths may be used. However, little deviation

from the ratio 2 to 3 (2= width, 3= thickness ; Fig. 126) is permissible, be-

cause of practical difficulties, as previously mentioned. A change in the ratio

in one way causes tipping on the rollers; a change in the other direction

causes difficulties in stamping out accurate rings.

Figure 126

—

b = width of ring.

s ~ thickness of ring.

For testing out different thicknesses for rings, or rather, different thick-

nesses of the slabs from which the rings are made, it was necessary to use the

same materials as were used in the preceding tests, in order that differences

in vulcanization would not affect the conclusions. The largest permissible

thickness was one of 6 mm.
^

Breuil conducted similar tests with rings of different thicknesses. He cut

different widths from rubber tubing (8, 10, 20, 29, 40 and 60 mm.) perpen-
dicular to the longitudinal axis. Following the procedure of Stevart,^*^ he
put the rings on hooks which were used for grips on a three-ton testing

machine, and determined the loads corresponding to certain elongations

measured between marks on the rings. Breuil concluded that the loads per
sq. mm. for similar elongations are practically, the same for different “widths”
(thickness a- in Fig. 126). Only the “widths” of 40 and 60 mm. gave smaller

values for ultimate tensile strength.

^Caoutchouc S' gutta-percha, 3, 56 (1904). Bull, tnusie ind. Belg., 57, No. 5 (1870).



5.36 PHYSICAL TESTING METHODS

For the tests of jMemmler and Schob, disks of different thicknesses, a and
b, were cnt from 6 mm. slabs, the cuts running parallel to the surface of the

slab. This operation was carried out on a lathe, using a thin knife, very much
as shown in Figure 123. Rings were then made from these disks, usmg the

method illustrated in Figure 124. This investigation was confined to three

very different compounds; namely, I, V and VII, which had been used in

previous work. They are marked I to III respectively in Figure 128. Ten
tests were run for each different ring dimension, using each material. With
a constant width of 1 mm. and inside diameter of 44.6 mm. the thicknesses

used were 1, 2, 3, 4, 5 and 6 mm. Furthermore, with a constant thickness of

6 mm. (except for deviations in the thickness of the original slab) different

widths, 1, 2, 3, 4, 5 and 6 mm., were used (also with an inside diameter of 44.6

mm.). Since a disk of the thickness of the 6 mm. slab was cut into two parts,

Figure 127

Ooss section of sample in sq. cm.

Figure 128—Tensile tests using rings of different cross sectiuiw.

Ultimate tensile strength

Ultimate elongation

Dependence of ultimate tensile strength and ultimate elongatiuii

on size of cross section.

a and h (as in Fig. 127), to make rings of 1 to 5 nim. thickness, only one part,

a, for example, could be cut to the exact dimension. The other portion

deviated by one to several tenths of a millimeter from the desired dimension,

since the slabs were not exactly 6 mm, in thickness. To cut this second part

to an exact dimension involved practical difficulties and was not attempted,

since the amount to be removed was usually only a few tenths of a millimeter.

Grinding was also rejected, because this process gives a rough surface, which

would undoubtedly start tearing (because of small nicks) so that the results

would be subject to an influence beyond control.

The remaining portions of the slabs, which had a diameter of 44.6 nun.,

were used for further study of the effect of different inside diameters of the

ring. Rings were made with a thickness of 6 mm. and widths of 1 to 5 mm.

Their outer diameters had the constant value of 44.6 mm., whereas their inner

diameters were 42.6, 40.6, 38.6, and 34.6 mm. respectively.



THE RING-SHAPED SAMPLE 537

The rate of loading was held as constant as possible with individual ma-
terials, as should be done m all comparative tests on soft rubber. The time
interval between making the rings and conducting the tests was also kept
constant, to avoid the possibility of different degrees of aging. It was neces-
sary to stretch those rings with diameters less than 44.6 mm. a little tu put
them on the rollers, since the rollers on the Schopper-Dalen machine are set

for rings with an inside diameter of 44.6 mm. Since only the ultimate tensile

strengths and ultimate elongations were determined, this^small stretching had
no effect on the results {see p. 520, Fig. 112). The shape of the cross section

seemed to have no appreciable effect, at least in the range of varying thick-

nesses and widths chosen.
^

Therefore, the results of these tests have onlv been
presented in a form which illustrates the dependence of ultimate tensile

strength and ultimate elongation on the size of the cross section. The curves
in Figure 128, which were drawn through the numerous, rather scattered
points representing the individual tests, show the results. Only the ultimate
tensile strength seems to be affected by the dimensions of the ring. The
curves for the ultimate elongations of all three compounds are straight lines

parallel to the horizontal axis.^^ A positive effect of the size of the cross

section on the ultimate tensile strength is evident only with Compjound I,

which had a great elongation. The tensile strength decreases with increasing

cross section, starting at about 0.1 sq. cm. This decrease in tensile strength

is also noticeable with Compound II, but the extent is very much less. Com-
pound III, which has a low elongation, does not show an appreciable ettect.

With cross sections less than 0.1 sq. cm., Compound I gives a decrease in

tensile strength with a decrease in cross section. Samples with small cru^s

sections show marked scattering of individual values. Doubtless accidental

influences are chiefly responsible. The smaller the cross section, the greater

is the effect of flaws in the compound (or non-uniformities of any kind ) on
test results.

The fact that the ultimate tensile strengths of the more extensible com-
pounds are appreciably influenced by the dimensions of the sampjles, while

the ultimate elongations are unaffected, leads one to surmise that the tension

in the outer surface of the ring plays an important part. The effect of this

tension increases as the elongation of the compound increases.

To ascertain the influences which different inside diameters of rings exert

on tensile strength and elongation, the average results for 10 samples, having

the same cross section but different inside diameters, are compared in Table

4 (These are the same compounds as in Fig. 128.) The column headed
“Ratios’" gives the figures for ultimate tensile strength cr^ and ultimate elonga-

tions 8^ for rings having an inside diameter less than 44.6 mm., when the

corresponding values of rings with an inside diameter of 44.6 cm. are set at

100. No definite effect of the size of the inside diameter on the ultimate

tensile strength and elongation is apparent from these tests.

As mentioned previously, the Schopper-Dalen machine is especially charac-

terized by the fact that the rings do not remain stationary on the rollers

during the test. By means of a contrivance which will be described later in

the general description of the machine, the rings continually move over the

rollers so that they are elongated uniformly over their entire circumference.

Without this movement of the ring, that part which rests on the rollers would
not have the same changes in cross section or in elongation as the free por-

tion of the ring between the rollers. Since the free portions suffer a very

In this connection, compare Brenil’s results.
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4.- -The Effect of Different Inside Diameters of the Ring Sample on Tensile

Strength and Elongation Data.

Ring Inside

diam-
eter

of

ring

1

mm.
1

i

Ulti-
i

mate
tensile

strength

O',

kg./cm.^

Ulti-

mate
elon-
gation

5,

%

1

Inside !

diam-
eter

of

ring

imm. 1

1

Ulti-

mate
tensile

strength

Cz

kg./cm.-

Ulti-

mate
elon-

gation

dz

%

Ratios

(with rings

having in-

side diam-

oom-

poundThick-

ness

mm.

Width

mm.

eie

44.6

= 1

rot
mm.
00)

s.

1 0 6.7 42.4 1 175 844 44.4 171 838 102 101

' 2.0 6.7 40.6 143 823 44.7 147 817 97 101

13 1 1
6.7 38.5 126 838 44.6 138 843 91 100

4.0 6.7 36.6 116 854 44.7 119 842 98 102

5.0 6.7 34.4 99.8 852 44.5
I

108 842 93 101

1.1 5.9 42.3 60.5 604 44.5 61.2 602 99 100

i 2.0 5.7 40.6 65.6
1

630 44.6 56.5 578 116 109

II 3.0 5.7 38.4 63.9 655 44.6 67.9 658 94 99

i 4.0 5.7 36.6 57.8 628 44.6 58.3 618 99 102

i

5.0 5.7 34.5 45.7 607 44.5 47.8 576 95 105

i 1.0 6.5 42.6 25.7 188 44.7 23.2 176 111 107

i
2.0 6.5 40.7 26.0 192 44.7 26.4 193 99 100

ill 1 3,0 6.5 38.3 i 25.3 192 44.5 24.9 187 101 103

i 4.1 6.4 36.4 !
27.3 202 44.4 27.0 197 101 104

1 5.1 6.5 34.5 i 25.8 203 44.7 25.4 194 102 105

marked reduction in cross section, the parts on the rollers seem to become

.enlarged during the test, in the case of stationary rings. Tests performed by

'Memmler and Schob in comparing moving and stationary rings appear inter-

esting. These were conducted with rings 4 mm. wide, made of four different

compounds. The results of these tests are tabulated in Tables 5 and 6. Only

the averages of 15 individual tests are shown.

WTien the rings remain stationary during the tests, there is a great effect on

the test results, as shown in Table 5.

Table 5 .—Comparison of the Ultimate Tensile Strengths of Stationary

and Moving Rings.

(Width of ring b

Method of Test

= 4 mm.)
Ultimate Tensile Ratios

m = moving ring strength era (moving rings

Compound St = stationary ring kg./sq. cm. set at 100 )

la m 117.7 100

St 60.4 51

Ila m 90.8 100

St 21.5 24

Va m 97.1 100

St 56.0 58

Vila m 27.3 100

St 24.7 91

The ultimate tensile strength of compound Ila is reduced 76 per cent. Dif-

ferent types of compounds, however, are affected to different degrees when

the rings made from them are kept stationary (9 to 76 per cent reduction).

The investigations of Stevart and of Breuil with rings {see p. 529) must have

been subject to this effect also, since the rings were stationary. The extent
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to which their conclusions concerning ultimate tensile strength are valid must
be judged with the foregoing in mind.

It wa.s more difficult to make a direct comparison between the elongations
with stationary and with moving rings. With the latter, the elongation is

measured directly, as the increase of the inside diameter of the ring. As
previously mentioned, this is done by a special device which is part of the
machine. For stationary rings, this method of measurement of elongation
does not give satisfactory results, as can be readily perceived. The part of
the ring in contact with the roller is not elongated to the same extent as the
free part of the ring, because of friction between ring and roller. Therefore,
the distance between the rollers does not give the correct value for the
elongation. In addition to the automatic measurement on the Schopper-
Dalen machine, Memmler arid Schob also measured the increasing distance

between two marks on the inside circumference of the ring. These were
originally 20 mm. apart. This is similar to the method of measurement of
elongation used by Stevart and to that employed when dumb-bell samples are

used. The results of these measurements are presented in Table 6. The
figures are averages of 15 individual tests.

Table 6.—Comparison of P.JcKrcficr.s Obtained in Different IVays on
SiC:io7:ary Rings.

Measurement of Elongation

Compound
Using marks

d%

Using device on
the Schopper machine

di %

Ratio

(5 = 100)
for 5i

la 703 656 93
Ila 532 465 87
Va 501 460 92

Vila 169 142 84

The ratios in this table show what effect the method of measurement has upon
the results- Naturally, the difficulty of reading from both marks simulta-

neously, and the widening of the marks experienced with dumb-bell samples

(see p. 527) also are encountered when marks are used on rings.

Considerable criticism has been made of the ring-shaped sample, particu-

larly by the United States Bureau of Standards in its Circular No. 38. This
criticism in no way challenges basic principles, however. The impossibility

of using the ring test piece for those cases requiring stress-strain data in a

particular direction, as in the study of the so-called "'calender-effect,” has
been mentioned on p. 533. The objections of the Bureau of Standards on
this point are incontrovertible.

The chief objection to the ring test is the variability of tension (and con-

sequently of elongation) in the cross section. This is unavoidable, because
of the difference in inside and outside diameters. In Circular No. 38 (Bureau
of Standards) the calculated difference in tension between hypothetical

threads in the inner and outer circumferences of the ring is given as 17 per
cent. Actual tests show that this effect becomes less as the percentage of

filling material increases. Compounds having high physical properties are

consequently subject to this influence. The experience of the Material-

priifungsamt has been that these same compounds, when tested in the form of

dumb-bell strips, give the greatest difficulty in fastening in the grips. The
decrease in tension between the inner and outer layers of the ring also affects

the measurement of the elongation. The elongation is taken from the inside

circumference of the ring. This explains why the curves for the ring lie to
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the right of those for the dumb-bell samples in Figure 125. The investi^^a-

tions made at the Bureau of Standards yielded similar results.

The significance of this variation of tension and elongation in the ring sam-
ple should not be overestimated. Table 4 shows that within the limits chosen
there is no regular effect caused by the size of the inside diameter. The figures

in the column headed “ratios’’ show no regularity. Accidental variations out-
weigh any possible effect. This table, however, does definitely show another
influence acting in a regular manner; namely, the effect of the cross-sectional

area on the ultimate tensile strength (the ultimate elongation is unaffected).

The position of the stress-strain curve is, therefore, dependent on the cross-

sectional area. This indicates that there is a strong element of relativity in

tensile tests of soft rubber. Therefore, the much repeated assertion that bar-

shaped samples should be used to obtain the “true” tensile strength of soft

rubber becomes meaningless, because there is no such thing as a “true” value,

even when the factor of time is left out of consideration.

All of these tests and discussions show that in general the ring sample is

preferable to the bar-shaped sample for tension tests on soft rubber. The
latter may not be entirely dispensed with, particularly in those instances when
it is not possible to make rings from the samples available for testing. A
standard method for the preparation of the rings, as well as standard di-

mensions for them, had to be set up, because both the dimensions and prepara-

tion of samples influence the test results. By such standardization, it has be-

come possible to compare directly test results obtained in different labora-

tories. The committee for the testing of rubber of the “Deutsche Verbande
fur die Materialpriifungen der Technik” has decided on the following stand-

ards with reference to ring samples for tension tests on soft rubber:

Test Samples:

(A) Rings:

(1) Large standard rings, 52.6 mm. outer, 44.6 mm. inner

diameter ; 6 mm. thickness.

(2) Small standard rings, 44.6 mm. outer, v36.6 mm. inner diam-

eter; 6 mm. thickness (made of the disks left from the

large standard rings).

(3) Rings of other dimensions, when standard rings are not

possible.

(B) Other test forms (bars, strips, bands, or threads) whenever it is

impossible to make rings.

Preparation of the Sample:

A (1) and A (2). Large and small rings are stamped from slabs, using the

Schopper die. Cutting with a curved knife or on a lathe is permissible.

Samples vulcanized in the ring form may be used, if they have a right-angled

cross section, and are of the above standard dimensions. If slabs of 6 mm.
thickness are not available, they are sliced from large pieces on the lathe.

In certain cases, standard rings may also be cut from tubes by the method

mentioned for A (3) below.

A (3). Rings of different dimensions (from tubing, for example) are cut

on a lathe, after the tubing has been pulled on a wooden mandrel. If the

tubing has variations in thickness of the wall or if the wall is too thick, it

can be ground down on a rapidly revolving emery or carborundum wheel.
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The rings are cut to a 6 mm. width, corresponding to the 6 mm. thickness o
standard rings.

Under exceptional circumstances such that rings cannot be made from th
material submitted for test, or when the special purpose of the test require

it, samples in the form of bars, strips, or bands may be used. Under sue
conditions the dimensions are governed by those of the material submitted. I

is advisable to use a cross section as near that of the standard ring as possible

Bands and Tapes

Rubber bands and tapes, which are manufactured in a large variety o
forms for numerous uses, cannot readily be subjected to tension tests in an>
other than their original forms.

If a portion of a band or a piece of tape were cut and fastened in the usua
clamps for physical testing, the bar-shaped form without a head (Form A
Fig. 115) would result. This form has been shown to give misleading re-

sults with compounds having high values for tensile strength. Even with
compounds containing a high proportion of filling material, great care must
be taken in fastening the sample in the grips. In practice rubber bands and
tapes are sometimes tested by wrapping the ends around a cylinder and then
applying tension. This type of fastening has undoubted advantages over the

use of clamps. There still remains an uncontrollable effect such as experi-

enced with stationary rings on rubber compounds of high quality. The
portion in contact with the cylinder is prevented from undergoing the same
change in form as the free portion. Therefore, there is an abrupjt change in

the cross-sectional area between these two portions. .

Figure 129—Schob’s method of testing

rubber bands and threads.

In order to have the same test conditions for bands and tapes as for mov-
ing rings, A. Schob has suggested fastening the sample on cylinders which
are not caused to separate from each other but which stretch the sample by
progressively winding it up. In that way, abrupt changes in the cross-sec-

tional area are eliminated. Figure 129 illustrates this scheme. The rub-

ber band B is wound on the rollers and R2 which turn in opposite

directions, and R2 have the same diameters. To prevent the sample
from winding up on itself they are threaded (screw threads).

The tensile strength is measured as the moment of rotation by spiral springs

on the axes of the rollers. The elongation is also obtained mechanically from
the number of revolutions by making use of an empirically determined fac-

tor. The apparatus is built by L. Schopper.



542 PHYSICAL TESTING METHODS

Machines foe Determining Stress-Strain

Characteristics of Soft Rubber

Schopper-Dalen ... , , , ^

The introduction over twenty years ago of the ring-shaped sample for test-

ing rubber was greatly simplified by the fact that in the Schopper-Dalen

machine there already existed a suitable apparatus for testing these rings.

The first model, which was designed for a maximum load of 100 kg., is not

satisfactory for present-day compounds, since these have considerably greater

tensile strengths than can be measured by such a machine. Models with a

maximum loading capacity of 250 kg. have been built for several years by

the Schopper organization. One of these more recent models is shown in

j-ubber ring is placed on the rollers Ro and Ru- The upper roller

is attached to a dynamometer which acts as a pendulum balance. turns

freely on ball bearings. The bottom roller is attached to a support

which is moved up and down by the screw L and the pulley A Parallel to L is

a rack (difficult to identify in Fig. 130) fastened to the frame of the ma-

chine A pinion adjacent to the support of the lower roller i?„ fits into the

rack and drives R„. In this manner, the lower roller is constantly turned as

the support K, is moved up or down. The test ring conveys the motion to the

unoer roller Ro. The sample moves over the rollers while its length changes,

thereby attaining a uniform elongation on the entire circumference

The tension exerted on the ring sample is shown on the scale Kr by the

deflection of the lever H. If the weight G is removed from the lever, ffie

greatest deflection of the lever corresponds to the tension of 100 kg. This

allows a greater degree of accuracy in reading srnall tensile strengths.

Since the rubber ring is uniformly elongated by its movement over the roll-

ers the elongation is shown directly by the distance between the rollers Ro

and Ru and may be read on the endless measuring tape D. At break, the

lever H and the tape D remain at the highest values reached. The subjective

determination of the elongation at break at the instant of break by means of

a ruler held against the sample (as is necessary with bar-shaped samples) is

thus avoided. An autographic recorder Sch of simple construction is attached

to record the progress of the test (reciprocal relation between the load and

elongation of the sample).
_ -,., 1, „„„

The newer machines of this construction are driven either by belt, con-

necting gear, or separate electric motor. The older machines often were built

for hydraulic drive by water pressure.
_ .

,

Bv exchanging the rollers for other appropriate means of holding samples,

the machine can be arranged for tension tests on bar-shaped samples, and

also for compression and bending tests.
. , , , . „ .i

These Schopper machines are also fitted with the autographic recorder ot

A Schob This recorder differs from the usual ones in that the units tor

the coordinates can be varied. The recorded value for

Schopper machine is proportional to the sine of the angle a (Fig. 131) v, die

the lever H forms with the vertical. The recorded value, therefore, lis-s

magnitude of r sin a. By setting r inversely proportiorial to the on^nal cross

sections of the different samples on the arm L, the ratio of the actud mo

of the machine to the motion of the recording device is varied in such a ma

ner that the readings are not influenced by the size of the cross sections.

^Gummi-Ztg., 37, 235 (1923).
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Ln, Ls, Vy R, and 5 are only of structural importance and serve to record

the force on the drum in terms of the equation

^ 1 .

r. sin a = C —
7— sm a
yo

in which C is a constant and /o is the original cross section. To permit h to

remain equal to r sin a, the horizontal bar L3 must move up and down parallel

to itself. To accomplish this, two bars, Lx and L2, are necessary. They
always turn through the same angle a because the connection bar V is of the

same length as the distance between their axes of rotation. Naturally the

length of L3 must also be the same as the distance between the axes of rota-

tion of Lx and L2.

Only the vertical motion of L3, and not the horizontal motion, is to be car-

ried over to the pencil and drum. This is accomplished by having the pencil

holder (which is permitted to move vertically only) hanging from L3 on the

easily turned roller R. The constant C in the above formula depends on the

unit chosen to represent 1 kg./sq. cm. on the recorder. Since two different

units are possible with the Schopper machine, two constants, Cx and C2, are

necessary, and correspondingly, the bar Lx has two scales for use with and
without the pendulum weight. By setting r at different lengths, the resulting

changeable moment r(Lz-\- R S) would cause incorrect readings to be

obtained, were it not for the fact that the moment is equalized by the mov-
able -weight {see Fig, 132) on the prolongation L2. The divisions of the scale

for this counterweight are marked in square centimeters (cross section of the

sample) for convenience, just as is that on Li. The invariable moments of

Li, L2, and V are equalized by a stationary counterweight.

Since the diameter of the ring which has been stamped out varies within

such narrow limits that the theoretical diameter may be used without correc-

tion, the adjustment as provided for the recording of stress may be dispensed

with on grounds of structural simplicity. Moreover, the adjustmei^ts pos-

sible in connection with the recording of the elongation may be limited to two

steps; namel}^ that corresponding to the usual standard ring of 44.6 mm.
inside diameter, and that corresponding to the small standard ring of 36.6 mm.
inside diameter. The elongation (the difference in movement of the upper

and lower rollers) is transmitted from the machine to the recorder as a rota-

tion of the drum Tr, use being made of a fine steel wire and the two-step pul-

ley St in the process. With the usual standard rings, the wire runs on the

large step; with small standard rings, it is changed to the small step. By
means of this change the zero point of the drum is automatically set to cor-

respond to an elongation of about 22 per cent, which is the amount of

preliminary elongation given to the small standard rings when placed on the

rollers in the starting position.

American Machines
Various details of the testing machine used by the United States Bureau

of Standards are shown in Figures 133 to 138,

The circular issued by the Bureau is quoted as follows :

“The dynamometer 1 (Fig, 133) having a capacity of 125 pounds (about 57 kg.) and

graduated to one-fourth pound, is attached to the upper end of column 2, which is slotted

to receive the rack 3, carrjdng the eccentric grip 4 at its upper end. The machine is

operated by a one-twelfth horse-power motor, which is belted to the stepped pulley 5.

A worm on the pulley shaft drives a worm wheel which is geared to a spur (not shown)

Bur, Standards, Circ, No. 38, Stii Ed-, p. 48, (1927).
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inside of column 2. The eccentric grip 4 (Fig. 134) is attached to the dynamometer
through pin connections 7 and 8, The plate 9 serves to prevent recoil of the springs
when a specimen is broken, and acts in the following manner : The rod 10, which is

rigidly attached to column 2, passes with very little clearance through a hole in the back
of plate 9. The front of plate 9 is slotted to receive the rod 11, and is supported by the
shoulder 12. As tension is applied to the specimen, plate 9 is free to follow the shoulder

12, and passes down over the rod 10, but when the specimen breaks the upward pressure
of the shoulder 12 causes the plate to^bind on the rod 10, thus holding the springs under
the maximum tension. Hence the pointer of the dynamometer remains at the maximum
load when a specimen breaks. The load having been recorded, the upper grip is pulled
downward (by means of the hand wheel 13 and hooks 14, if necessary, Fig. 133) to re-

lieve the pressure of the shoulder 12 against plate 9, and at the same time the rear end of
the plate is raised to release the rod 10.

^

The tension of the springs may now be relieved

by allowing the grip to rise, and the pointer is returned to zero.

‘‘At the end of a test, the worm and gear are disengaged by means of the spring clutch

15 (Fig. 135), and the rack is rapidly raised by hand to its initial position.

“The stepped pulleys provide for different speeds to meet the requirements of experi-
mental work.

“Elongation between gauge marks on^ the specimen may be measured on the scale 16,

attached to column 2, but to do this requires the services of two operators. A simpler and
equally accurate method is as follows: A wooden scale graduated to one-tenth inch, is

held, as shown in Figure 136, in a slightly inclined position at the back of the test piece

with its lower end pressed lightly against the rubber just back of the lovrer gauge mark.
As the rubber is stretched the eye follows the scale just back of the upper gauge mark.
With a little practice the elongation at break can be measured with a fair degree of

accuracy.”

Indubitably these methods of measuring elongation seem more primitive

than the automatic method used with the Schopper machine. The deficiencies

involved in measuring elongations on bar-shaped samples in this way have

been thoroughly discussed on p. 527. The contrivances shown in Fig. 137A
are used in the United States Bureau of Standards for gripping the bar-shaped

samples. In each of these grips, there are a number of disks set eccentrically

on a pin. These eccentric disks tighten automatically as the tension on the

rubber sample is increased. In order to hold the rubber sample more firmly,

the edges of the disks are ribbed. It is doubtful whether this type of fasten-

ing avoids breaks in the ends of the sample or the tendency to slip out of the

grips. Investigations in the IM'aterialprufungsamt with such grips, using bar

samples of pure rubber-sulfur mixes 6 mm. in thickness, did not give satis-

factory results. The thickness of the sample played a decisive role. In Cir-

cular 38 of the Bureau of Standards no information is given concerning the

thickness of the sample. The width of (6.3 mm.) is specified for com-

pounds of high quality. Since the testing machine has a maximum capacity

of only 57 kg. (125 pounds), the samples for compounds having an ultimate

tensile strength of about 200 kg. per sq. cm. (2844 lbs. per sq. in.) can be

only 4 mm. thick.

This testing machine also provides for the incidental testing of ring samples.

To obtain as uniform an elongation as possible, a pair of easily turned spools

set on ball bearings is used for the upper and lower fastenings respectively,

as shown in Figure 138 and Figure 137B.
A more recent American machine is that of Scott. This also has a

dynamometer to indicate the stress, and a device to record the stress-strain

data automatically with the aid of an electric spark. Since only bar- and

strip-shaped samples can be tested, the automatically recorded curve does not

give sufficient accuracy.

Testing machines of the type of the Scott Rubber Tester (Henry L. Scott Company,

Providence, R. I.) seem to be in much higher favor with American than with German



tensile-testing machines

I

Figure 136 (Right) —Measurements of elongation
bv means of a ruler on the tensile testing machine

of the Bureau of Standards.

Figure_ 137—Grips used for bars, rings, and broad
strips on the Bureau of Standards machine.

re 138—Tensile tests with ring samples on the
tsureau of Standards testing apparatus.
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rubber technologists * The upper portion of the latest model of the Scott machir
*

shown in Figure 138a. The machine is constructed upon two heavy iron rails and ir/’'
signed to be fastened to the wall. The dead weight lever principle is used in the

^

struction of the head to give constant accuracy. A 1/6 H. P. motor drives the mLv”"
through a gear box which is so arranged that the lower clamp returns instantaneouslvT
the starting position when the machine is reversed after the sample is broken
pulling member of the lower jaw is of the endless chain type. A compensated i

makes it possible to adjust to ranges of gauge from 0.040 to 0.120 inch inclusive
As the recorder used with this m.achine is of the electrical type, it is possible for

‘

observer to conduct the tests. A spark controlled by a switch operated by the
IS projected from the pointer through the paper onto the platen. The hole thus burn i

through the paper registers the load at the particular elongation at the time the cirn\
was closed. On completion of each test, the platen is moved a small distance bv tunii
the hand screw provided for the purpose, so that the next sample burns a separate W
of holes. In this way, one sheet of paper suffices for fifty or more tests.

G. J. Albertoni, working in the laboratories of the Goodyear Tire and Rubber Com
pany, has recently developed a new autographic machine for testing the tensile umnertfi*
of dumb-bell strips of rubber. (See Fig. 138b.) Details in connection witl/this
chine are presented m Industrial and Engineering Chemistry, Analytical Edition 3 ‘i

(1931). It is so equipped that mechanical correction is provided for variations 'in flip
cross-sectional area of test specimens. The personal equation in testing is reduced to aminimum, and the stress-strain curves obtained are directly comparable without
calculations.

Breuil-Cillard Dynamometer
^le firm of A. D. Cillard in Paris builds a machine for tensile tests on

rubber, textiles, string, rope, linoleum, and celluloid. This machine appears
on the market under the name of Dynamometer P. B. (Pierre Breuilj. It

IS very versatile in its uses, since it is provided with arrangements for con-
ducting tension, compression, bending, and other tests. By increasing the
load, tests can be carried to the breaking point, or repeated stress tests (pro-
tracted tests; see 'p, 584) can be performed. Determinations of the plasticity

of plastic materials can also be made on this machine, as well as abrasion

* Translator's note by E. F. S.



TENSILE-TESTING MACHINES 549

tests, determinations of the coefficient of friction, etc. The description iicrc
will only consider its use for tension tests on soft rubber
Figure 139 illustrates the construction of the apparatus.' For ordinarv tests

it is driven by harid^ by means of a gear transmission and screw spindle Fo^*
protracted tests with repeated stresses, a motor is used with the worm drive rs
which is placed under the table. The two shaft supports, g and o, can be either
fastened to the base upon which the machine rests, or be made movable on the
guides in the machine bed. The latter arrangement is adopted when repeated
stressing of the sample is undertaken. By means of the worm drive rs and
rod q, which has one end attached to the eccentric disk d and the other to the
diaft support o, a to-ancl-fro motion of the shaft supports g and o alono-
the base is obtained. This results in an alternate stretching and releasino- of the
rubber sample held in the grips e and f. The difference' between the greatest
and least stretching of the sample can be varied by chanmno- the deoree of ec-
centricity of the disk d.

^ ^ ^ ee oi ec

Figure 138b—The lensile-

teisting machine developed

by G. J. Albertoni.
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The grip e is fastened directly to the dynamometer, which consists of a
spring balance having a helical spring a. The changes in length of the spring
are read from the circular scale m. When the sample breaks, the sprino- re-
covers, but the pointer remains at the farthest point reached. The entire
dynamometer of the machine is so built that with the help of the transver=:e
rods jtjt' it is suspended between two small supports v and forms a unit
which may be taken out of the machine as such. It can easily be hung on a
hook, and weights may be applied to it directly when calibrating the scale

Older Machines

Neither of the machines described immediately below is to be considered
important other than from the historical point of view.
An older French machine is that of Deialoe (shown in Fig. 140). The

rubber sample in the form of a strip or bar is held in the grips. The motive
power is supplied by the hand wheel which operates a screw spindle to which
one of the grips is fastened. The other grip is fastened to the dynamometer
in a manner similar to that of the Dynamometer P. B. The frame of the
machine consists of two parallel guide rods mounted on a base. The holder
of one grip moves along these rods.

Figure 140—Delaloe’s machine.

A similar machine, apparendy of English origin, is described by C. 0
Weber on page 216 of his well-known book ‘‘The Chemistry of India Rubber.’’
This machine, like that of Deialoe, has a screw spindle driven by a hand
wheel. Figure 141 shows how the clamps are constructed. They movem the cast iron frame of the machine. A pendulum balance meas-
ures the stress on scale E. The ratchet device DH makes it possible to hold
the pointer at the highest load reached. The elongation of the sample is meas-
ured by the graduations K on the side of the machine frame. In view of the
above discussion of bar-shaped samples, this method of determining stress-

strain characteristics of soft rubber must be considered inadequate.
No doubt, other machines for testing the tensile properties of soft rubber

have been built. So far as is known, they have not made any important con-
tribution to the technique of testing. New designs always repeat the old

mistakes in part.

A. Schob’s Tester for Rubber Coverings

A. Schob has designed a small instrument to be used especially for testing

mbber-covered cable from which the copper wire has been removed. A modi-

1

equipped with an electric motor, is marketed by L. Schopper (See Fig.

142). In the original form of this equipment (hand-powered) the sample was
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held between two
pins, each of which had a diameter of about *.

of tbe sample was put through a hole in the pin and then

latter a few times (see p. 541). One pin was fastened to
^

(snring balance) and the other to the spindle which was operated by the

motive power of the machine. This manner of holding the sample gave no

Figure 142—A. Schob’s tester for coverings removed from insulated cables.

difficulty due to breaking at the grip, inaOTUch as the rubber con-

tained only 33 1/3 per cent rubber. (The new ^chopper model prov

damps which automatically grip the sainple tighter as the t

testing
l)y means of a scissors-like arrangement.) The

apparatus is in the method of measuring the elongation. N^turaUy, a r^son

ably accurate measure of the elongation, on this sample ca 7 7
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following marks on the free part of the sample. The device shown in Fio-nre
143, which allows a pointer to be placed in the middle of each mark, can be^on
crated with one hand. The marks are set at 10 mm. on the original samnle'
so that both marks remain in the field of vision.

"
’

The rack C can be moved in the piece A by turning the knob E which on
erates the pinion B. This moves the pointer so as to keep up with the move

nt of the marks. The pointer is fastened to the piece A, and Z.. is ori
rack C. At the zero point, Zi and Z, are 10 mm. apart. The millbieter

I’igure 143 Device lor measuring elons

tion on Schnh’s tester.

graduation on the rack gives the percentage elongation without any calcula-
tion when the original length is 10 mm. Since the marks move in opposite
directions, it must be possible to move both of the pointers in the direction
of the tension, independently of their distance from each other. To do this
piece A and everything attached thereto may be moved along the rod D The
knob E serves to move A. With very little practice, an operator can use one
hand to supply the motive power, and the other to attend to the measurement
of the elongation. Since the turning of knob E is stopped at the instant of
break, the greatest elongation remains fixed on the scale. During the test, it

is not necessary to make readings on the scale, but merely to keep the pointers
at the middle of the marks. If points on the elongation curve are desired, two
observers are necessary. Although this apparatus was designed especially
for rubber insulation, it can be used on other similarly applied material. For
that reason it has been described among the general types of testing equip-
ment.

Devices for Tests at High and Low Temperatures

Ijp to the present time, tensile tests on soft rubber at temperatures above or

below room temperature have been performed only occasionally. The neces-
sary enclosures for temperature control have been subsequently built on the

machines, since the original construction provided onjy for conducting tests

at room temperatures. (Also page 519.)

The T-50 Test imR State of Cure*
-A. test which can scarcely be considered as a tension test in the usual sense of the

word is the T-50 test for state of cure developed by W. A. Gibbons, R. H. Gerke, and
H. C. Tingey [Ind. Eng. Cliem., Anal. Ed.. 5, 279 (1933)]. The test depends on the

(^servation that for a^specific rubber compound the greater the state of cure the lower h
the temperature at which chilled, stretched rubber will spontaneously retract. The rubber
IS “racked” at a low temperature and is then gradually heated. The T-50 value is tk
temperature at which the rubber has retracted to such an extent that it has lost 50 per,

original elongation. The T-50 value for raw rubber is approximately -[-1^°

C. The reader is referred to the original article for details regarding the procedure ui

the test.

* Translator's note by V. N. M.
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The T-50 test is said to simplify the estimation of state of cure. It is not suitable for

use with types of rubber which cannot be stretched. It has been used for testing the

activity of accelerators, and for studying the effect of such variables as temperature of

nresses and mold lag on the state of vulcanization. The test has an advantage over the

usual tensile tests in that the width and thickness of the test piece need not be measured,

f>ut on the other hand it does not permit the selection of optimum cures or the cure in

a series of cures which will best resist abrasion or deterioration. Although the test gives

o-ood correlation with the results of determinations of combined sulfur in many cases,

tiiere are sometimes large deviations from this correlation.

Compression Tests

The True Compression Test (Investigations by Stevart)

Specific standard methods of conducting compression tests with soft rub-

ber have not been developed, since an evaluation on the basis of such tests is

seldom necessary. In case tests are required to determine elasticity and de-

formation under compression, they can in general be conducted on the fin-

ished article (rubber bufifers and packing rings, for example). Any press

will be suital)le if the compressive force, which for the most part will be

small, can be measured with sufficient accuracy. In general, the measurement

must be confined to the determination of the total deformation of the sample

under a given load or the residual deformation after stress, since with soft

rubber it is not possible to determine under compression a breaking load

which may be used as a measure of quality.

Several articles on this subject are to be found in the older technical

literature.
. . ,

P. Breiiil gives a survey of a number of investigations by Boileaii, M.

Hovine, M. Debonnefoy, Werder, and Stevart, relating to compression tests

on rubber. Of these, the work of Stevart is of the greatest general interest.

Therefore, his work, insofar as it had to do with the shape of the sample

and method of test, is discussed here at length. That part of Stevart’s re-

searches which was concerned with the general physical properties of rubber

under compression and the attempt to develop a mathematical formulation of

the existing relations, has already been treated by Hock in the section on the

“Physics of Rubber’’ (p. 400).

Figure 144

—

Stevart’s sample for

compression tests.

investigations, Stevart®^ used rubber rings of the ^

figure 144, and carried out the tests in a simple screw press. His me lo

was to lay several rings of the same dimensions on each othei% with t m s ee

plates intervening to keep them from being in actual contact. These p a es a

such large diameters that, even when the rubber rings were

pression, the increase in cross section of the latter was insufficient to a 1 w

their outer circumferences to extend over the edges of the plates.

*^ Cmutchouc & gutta -percha. 2, 6-9, (1905).
f45' (?873).

^ 63,
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Stevart established that the change in the outer form of the rubber ring is

dependent on the dimensions, particularly on the ratio of the height of the
nng(h) to its width (c). (SeeFig. 144.) If the ratio is smaller than 2/3
the change in form is similar to that shown in Figure 145. With a ratio
greater than 2/3, the compressed ring has the appearance illustrated in Figure
146. If two rings are placed on each other (without intervening steel plates)
and compressed, their form becomes that of Figure 147.

I

Figures 145-147—

Changes of form of rubber under compression

(according to Stevart).

X—I—i-

In determining the effect of the dimensions of the sample on the compres-
sion of rubber rings, Stevart worked with rings of various sizes, made of a

rubber compound having a specific gravity varying between 1.059 and 1.070.

The compression of all samples was ascertained at loads of 2,000, 2,500, 4,000,

5,600, and 7,000 kg. In view of the thoroughness characterizing all of

Stevart's work, it may be assumed that he recognized the influence of time,

and consequently determined the compression of all samples after that had

been under load for the same interval of time. A statement to that effect

does not appear in the work.

Table 7 shows the dimensions of samples which were used. From this

table, it is apparent that Stevart made use of the four series of dimensions

listed below.

1. Numbers 1-8; the same dimensions, except for variations in the original height /i.

2. Numbers 9-13; varying widths c (see Fig. 144), and inner diameter d; constant

diameter D and height h.

3. Numbers 14-19; constant width and height, but varying outer diameter D and

inner diameter d.

_
4. Numbers 20-22; constant height h, but varying widths c, with corresponding varia-

tions in inner and outer diameters.

Stevart expressed the results of the investigation in terms of a mathemati-

cal relation which is more fully discussed in the section on ‘Thysics of Rub-

ber’’ (Hock, p. 400).
These experiments by Stevart show that even in compression tests, the

dimensions of the sample exert a great influence on the results of the test

Of course, the tests are based only on one shape of sample (the ring).^^

The invepHcrations of A. Martens (‘mandbuch
der Mr-teriaiici’kiiride fur den Maschinenbau,”
Section ’.17. p. I Go. J. Springer, Berlin, 1898)
furnished coi'.s!fUTa])ic information regarding
the influence of the shape of the sample on
the results, in the case of cylindrical and

cubical shapes, such as those used in testing

metals, wood, etc. Martens studied the in-

fluence of the shape of the sample on tk

shortening (—e) due to compression, wxti

cylinders and prisms of ingot iron having: d:t;

ferent cross sections (/) and heights {e) zm
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Table 7.—Dimensions of the Samples Used by Stevari in His Compression Tests.
(All measurements are given in mm.)

Scries

(See Fig. ^
144) 1 1

Outer

diameter

1^ Inner

diameter

1
^

(D Ui

2

> 2

1
<Nt

J

s,;
Remarks

_ -
^

2

3

4

h varies, 5

Csd,D 6

constant 6a
7

8

100
100
100
100
100
100
100
100
100

40
40
40
40
40
40
40
40
40

70
70
70
70
70
70
70
70
70

30
30
30

30
30
30
30
30
30

6597
6597
6597
6597
6597
6597
6597
6597
6597

6.U 4 identical rings*
10.7 3 rings as with 1

15.4 2 rings as with 1

20.3

25.0

30.4

30.3

36.0

30.8

II 9 129 89 109 20 6849 29.8
9a 130 89 110 20 6912 30.4

c, d vary 10 130 80 105 25 8247 30.5

D, h con- 10a 130 81 105.5 24.5 8120 30.2

stant, with 11 130 70 100 30 9425 30.0

the excep- 11a 130 70 100 30 9425 29.8

tion oi h 11b 130 70 100 30 9425 30.0 Xo.18, Series III

in 12 and 12 130 50 90 40 11310 50.0

12a 12a 130 50 90 40 11310 49.2

13 130 30 80 50 12566 30.5

III 14 60 0 30 30 2827 30.2

15 80 21 50.5 29.5 4680 30.5
16

• 100 40 70 30 6597 30.3

16a 100 40 70 30 6597 30-4 Ro. 6, Series I

D, d vary 17 118 60 89 29 8102 30-1

C, h con- 18 130 70 100 30 9425 30.0

stant 18a 130 70 100 30 9425 29.8 No. 11a, Series II

18b 130 70 100 30 9425 30.0 No. 11 ,
Series 11

19 139 78 108.5 30.5 10328 30.5

IV 20 80 40 60 20 3768 30.4

d, D vary 21 92.5 29.5 61 31.5 5933 30.2

h constant 22 100 21 60.5 39.5 7504 30.2
* This h and also the one in Fig. 144 correspond to the H in the formula on p, 400; i. e., the height
of the unstressed sample.

tWith separating plates.

Stevart gives several more directions of importance in connection with the

practical performance of the compression test. If several rubber disks are

laid on each other but are kept separated by sheets of metal, it is very im-
portant that the surfaces of the metal sheets be polished, so that the friction

at the end surfaces of the samples will not be increased because of roughness
or uneven spots. In addition, the diameter of the metal disks must be suf-

ficiently large so that the rubber samples, which are greatly enlarged in cross

section by pressure, will not protrude over the edges of the metal, even under
the greatest compression load to be used in the test. The fact that the increase

in the cross section of the sample is accompanied by a decrease in the inside

diameter {see Fig. 145), must be kept in mind in making plans for the test

also tlie_followmg ratios:

1^2lL=2M: 1 .33 : 1 . 00 : 0 .80 : 0 .40 : 0 .20 .

The compression (—e) was found to be in-
fluenced but little by the dimensions of the
sample, provided tbe dimensions were not such

to cause the value of tbe ratio -h to dijffer

too much from unity. With identical loads

per unit cross section, and the same ratio

the shortening for the circular cross section

was less than that for the square cross sec-

tion-
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equipment, if any hindrance to extension toward the inside is to be avoided.

According to Stevart, this requirement is met by making the inside diameter

d of the sample greater than the height h. Of course, care must be taken to

center the samples properly and to keep them centered during the experiment.
Stevart used separating disks of the shape shown in Figure 148 for this

purpose. The grooves in the disks hold the sample centered with respect to

the means of applying the load.^^

Figure 148—The special method of holding the

sample used in Stevart’s compression tests.

Penetration Tests

In testing metals, the Brinell method of pressing a sphere into the surface

as a means of determining the resistance to penetration has been quite com-

monly adopted. Brinell hardness, in conjunction with tensile strength and

elongation, has become of the greatest importance as a means of evaluating

metals. It was expeditious, therefore, to apply this proven method to the

problem of testing rubber. For this purpose A. Martens designed a small

instrument with which the resistance to penetration of rubber slabs, particu-

larly of soft vulcanized rubber, may be determined, using the Brinell method

of pressing a ball into the sample. This instrument is illustrated in Fig-

ure 149. The circular piece remaining after stamping out the normal

ring for tension tests {see p. 330) can generally be used to advantage as the

sample. The diameter of the sample is thus 44.6 mm. and the thickness

normally 6 mm. However, the instrument may be used on other samples if

they provide a sufficiently large, level, horizontal space so that the base of the

instrument will be steady when placed on the sample. A steel ball with a

diameter of 5 mm. is attached to the end of the short horizontal arm of a bell

crank, the fulcrum of which is on the lower part of the base of the instru-

ment. The long vertical arm constitutes the indicator, and shows ten times

the vertical motion of the ball (or in other words, the penetration) along a

scale fastened to the upper part of the stand. A vertical rod rests on the

steel ball. Various weights can be placed on the upper end of this rod.^

With the largest weight which Martens suggested for use with the instru-

ment (100 grams), very soft rubber-sulfur mixes having no other compound-

ing ingredients give a penetration of about 0.45 mm. on a slab 6 mm. thick.

^ See “Physics of Rubber/* p. 400, for several later investigations of compression.
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Harder compounds (solid tire stock, for example) give a penetration of
about 0.15 mm. The impression caused by the ball remains onlv as long as

the weighted ball acts on the soft rubber sample. This is true except for a
small fraction similar to the elongation set S' in tensile hysteresis fp. 564'i

and in elasticity tests (p. 561). The measurement of penetration must ihere-
fore be made while the pressure is being exerted. The test on rubber differs

in that respect from the Brinell test on metals. The depth of penetration

Figure 149 — The apparatus of A.

Martens for the determination of the

hardness of soft rubber by pressure of

a sphere (as in the Brinell test).

increases as long as the pressure is effective, although this “after-effect'’ i.«

different for diferent compounds, and particularly for varying degrees of

vulcanization. Therefore, the reading of the penetration is always made after

identical intervals of time following the application of the weighted ball. In

the Materialpriifungsamt, 5 and 30 seconds are used. The ‘"after-effect”

(i.e., the difference between the penetrations after 5 and after 30 seconds) is

greater when the degree of vulcanization is less.

The volume of material displaced as the ball penetrates the sample is

naturally greater with softer samples. Therefore, the ball must not be placed

too dose to the edge of the sample, particularly if the latter is relatively soft.

The thickness of the material under the ball influences the results greatly, the

effect being greater with soft than with hard compounds. In the application

of the ball penetration test to the factory control of the manufacture of

rubber rolls, wide differences in thickness are encountered. Figure 150 shows
empirically determined relationships between depth of penetration and thick-

^^ess of the sample.®^

This small instrument of Martens’, which has just been described, is very

simple in performance, but is satisfactory only in the hands of an experienced

These tests were conducted in the laboratory to unpublished results to the kindness of the
of the Vereinigten Berlin-Frankfurter Gumrni- director, Mr. Gottschalk.
waren-Fabriken. The authors owe these hither-
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operator. For more general use, a design like that of Schopper’s is recom-

mended. In this apparatus (Fig. 151), a stand is built on a substantial base

Figure 150—Dependence of the depth of penetration on the thickness of the sample, when

using different loads on the ball of the hardness tester.

(According to Gottschalk.)

plate, and the sample is placed on the plate. (To use the instrument on large

pieces, suitable attachments are provided without a base plate.) Naturally,

care should be taken that the samples lie perfectly flat on the base, as other-

wise the readings of the depth of penetration will be in error. As is evident

from the arrangement shown in Figure 151, the movement of the ball is

measured with respect to the location of the upper surface of the sample be-

fore pressure is applied, and not (as in the Martens’ test) with respect to an

upper surface which changes as the test progresses. Bending of the sample

would, of course, give misleading results. A load of 1000 grams is used
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the Schopper machine, because the friction in the Instniment produces too

high a percentage error with a load of 100 grams. The diameter of the ball

isinade 10 mm. instead of 5 mm., so that the specific pressure under the ball

does not become too great with the 1000 gram load.

The instrument of Breuil’s (built by A. D. Cillard, Paris) for the deter-

mination of ‘"rebound” elasticity of soft rubber, can also be used to determine

penetration by suitable changes in several parts (see p. 549). Because of

this added use, this instrument is also called an Blasto-Durometer. Figure

152 shows a view of the apparatus when it is used to determine depth of

penetration. A cross section is illustrated in Figure 153. In the brass tube D

*

A. D. Cillard of Paris. rometer ‘T. B.” of A. D. Cillard.

is a helical spring. Its upper end is held by the plug C which screws into the

tube D, The lower end rests against a plate B which moves freely in the tube.

The compression of the spring, or the pressure which the conical tip F of the

rod A exerts against the sample lying under it, is measured at E by means

of the graduations on the rod A. Graduations on the tube D make it possible

to measure at G the depth to which the tip presses into the sample in tenths

of a millimeter. The measure of hardness is derived from the ratio P/Ej in

which E is the penetration and P the restoring force of the spring. Several

results of hardness determinations with various rubber compounds are re-

produced in Table 8.
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Table &.-Pcnetmtinn Tests zNlh the Duromeicr> P. B:

Constitution

ui the compound

Per cent

Rubber

97

96

97

96

62

87

76

48

48

48

50

27

10

Per cent Per cent

Other

Sulfur Materials

3

4

3

4

6

13

11

16

6

6

3
9

32

13

36

46

46

47

71

43

Time and
temperature

of
vulcanization

~ 145 I

3 hrs. 15 min. at 130° C.

1 hr. 20 min. at 135° C.

2 hrs. 45 min. at 135° C.

2 hrs. at 135° C.

1 hr. 30 min. at 126° C.

1 hr. 30 min. at 1^^^

1 hr. 30 min. at 130° C.

w) G
t/3

V^
o
3 H

5.0

5.0

5.0

5.0

5.5

6.0

4.8

5.0

5.0

5.0

5.0

4.5

1 hr. 30 min. at 126° C. 4.5

Caoutchouc gutta-percha, 5, 2190 (1908).

o
W
pH

.2 a
75 e
t G

4

4

4

4

4

4

4

4

4

4

4

cy p O p.:
CU '.m h-i ‘.p ^

2.400

1.800

1.560

1.680

1.920

2.700

4.200

3.000

6.600

7.800

6.000

14.400

O.fjo

0.45

0.30

0.42

0.48

0.67

1.05

0.75

1.65

1.95

1.50

4.80

0.8 14.400 19.0i

used for the determination oi

The principle is

lie merely in the

details of construction

Hollow Sphere Test t

The relation existing between a
r as^the compresXe force itseli

forces necessary to effect the
mMsurinc' compression stress-strain used by J. R.

has formed the basis ot a method °
.
yL (1932)1. A hollow, thin-walled

Sheppard and W. J- C ®Pson Jhid £np. C/i.il, 24
dimensional measure-

sphere of rubber (balloon) is inflated and tte
calculated the compressive

ments are l oliowed during
same degree of shortening in one direction

force which would be required to g forces The method has the advantage

‘''AntaSroting'inlerena from *'
“'“J

is.r£“rr.“d’’s ruio..
as a continuous curve having ?" the two branches of the curve

TJi .£lthr£;t.n't-S.!S"£ calcuf...

from one-dimensional elongation stress-strain data. .
__

® See E R. Dawson, “The Hardness Testing of

Vulcanized Rubber” {Trans. Inst.

3 217 (1927)1; also E. C. Zimmerman and
t>er ixnt*. A-v'-i/-

t Translator’s note by
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Experimental Methods for Determining the
Elastic Behavior of Soft Rubber

General Notes on Elasticity

In the case of a substance which is used mainly because of its unusual elastic

properties, a quantitative determination of the^ elasticity is naturally impor-
tant Elasticity is that property of a body which causes it to recover its

original shape after the external force which produced the deformation has
been removed.^® If this capacity for recovery were never present or alw'ays

present 100 per cent,^ a method ^for measuring it would not be required. In

reality, it is never missing nor is it ever present 100 per cent, and therefore

its size must be measured. What measuring stick is to be used for this ?

Should the deformation set (“Elongation Set” S', Fig. 157, p. 5r>4) of ten-

sion tests, which remains after a complete release of the sample from load,

be used, or should the loss of external mechanical energy (force V distance!,

which is measured between the loading and unloading of the test sample
(comparable to hysteresis loss in the same figure), be the basis of elasticity

measurement ?

The proper measure is deformation set in the case of static stressing, and
hysteresis in the case of dynamic stressing. There are methods of testing

for both. However, it should be kept in mind that these two methods are

not comparable, even though their results usually are parallel, for the first

deals with linear measurement, and the second with the measurement of

mechanical work. With the breaking tests, the limit to which the stressing

can be carried is given by the actual break. It is necessary to set a limit with

all other tests, which, by their very nature, must avoid a complete break, at

least with the first stressing. The stress-strain diagram of soft rubber (see

p. 517) does not resemble that of wrought iron, which has characteristic

points corresponding to the elastic limit and to the yield point. The magni-
tude of the stresses in use is also not very accurately known. One is there-

fore advised to set an arbitrary limit of the stressing, in such tests as elasticity

tests on soft rubber. This limit should not be chosen too low as too favorable

a result may be obtained, and it should not be chosen too high, since a pre-

mature break in the sample may be encountered.

Determination of Elasticity by AIeasurement of

Deformation Set

Stretching Tests

In accordance with the preference for stretching tests for determining the

strength and deformation of soft rubber, tension stressing is preponderantly

used for the kinds of elasticity determinations which depend on the measure-
ment of deformation set. Since the breaking point is seldom approached in

this test, the question of whether ring or strip (p. 540) test samples are to

See also p. 394 and the following pages,

^ Accordingly, in the following discussion, if

another meaning is not explicitly expressed,
this definition refers only to the so-called
solid bodies, and not to liquids or gases,
^mpare also with A. Schob’s article
Elasticity,” Gummi-Ztg., 40, 624 (192S).

With soft rubber the expression ^'permanent

elongation” (“permanent set”), used in the
testing of materials, is lo be avoided, because
the elongation is not permanent, but decreases
more or less in relation to time, according to

the compounding and the degree of vulcaniza-
tion (elastic after-effect).

^ See Martens, A., “Handbuch dcr Materialien-
kunde fur den Maschinenbau,” Vol. I, 21,

J. Springer, Berlin, 1898.
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be used, is of little importance. The authors prefer ring samples except in

special cases. As \^'as mentioned before, the choice of the degree of stressing

is
optional. In the IMateiialpriifungsanit as a rule, the tension tests are

carried out at 50 per cent of the average breaking elongation of the soft

rubber concerned. The sample is stretched this amount for one hour, then
released, and the elongation set 3' is measured. Since the amount of the set

depends on the time elapsed since the release, the set is measured after two
time intervals following the release; namely, after 5 minutes and after 24
hours. The Schopper-Dalen machine can be used for single tests. A testing

machine built in a fashion similar to the apparatus illustrated in Figure 154

is still better for the determination of elongation set.

The set is determined as follows : The ring is placed over the two easily

turning rolls, which are of the same diameter as the ones in the Schopper-
Dalen machine. The knurled upper roll, the axle of which rests on the frame,

is so loaded while being turned that the tension rolls reach their zero posi-

tions (with normal rings of 44.6 mm. inside diameter, and 70 mm. inner

circumference, this zero setting corresponds to a distance of 30 miii. between
roll centers). This loading, which depends on the degree of stiffness of

the sample, is recorded, and is again replaced before the sample is put on,

after the measurement of the 5-minute and 24-hour elongation sets. Since,

especially with very soft and under-cured compounds, the influence of

time is disturbing, even with the small weights which can be considered for

this machine, the reading of the scale should be done as quickly as possible.

The reading should be made within a few seconds after the loosening of the

lock screw and the gentle lowering of the lower roll, while the upper roll is

turned by hand (best of all with the left thumb). Naturally, it is not possible

to select the small loading weights for the test in a few seconds.

If too small a weight has been chosen, the load is immediately released,

additional weight is added, and then by turning the upper roll, the lower roll

with its carriage is gently lowered. The use of too large a w’eiglit and the

over-stretching of the sample in the process of placing it in the tension ap-

paratus, are to be avoided. It is best to reject the sample in such a case.

A practical apparatus for the simultaneous stretching of a number of strip

samples is described in Circular 38 of the Bureau of Standards, This ap-

paratus is illustrated in Figure 155.^^ A crank, which needs no further

explanation as is seen from the figure, is used to obtain the simultaneous

stretching of the six samples. The Bureau of Standards usually uses a

duration of stretch of 1 or 10 minutes. By measuring with a ruler the dis-

tance between the marks made previous to the test, the set of the strip samples
may be determined.

The determinations which have been discussed up to this point are cor-

rectly designated as stretching or tension tests, because they use as a measure
of stress a definite elongation which is kept constant during the testing. A
method which is much less frequently used is that of loading with a definite

weight, the resulting change in length being measured. Tests are carried out
in this manner in the Materialprufungsamt, using very small loads (2 per
cent of the breaking load) but very much longer loading periods. In such

It is more expedient to set the marker on the
holder of the lower roll at 70 mm. than at
30 mm. when the distance between the centers
of the rolls is 30 mm. In this way the scale
gives a measure of one-half the inner circum-

ference of the ring directly, even with rings
which are not normal rings.

^ See JBur. Standards Circ,, No. 38, Fig, 20,

p. 53 (1927).
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a test the aging of the sample finally plays an important part (comlnr^
Figs. 176 and 177, p. 588).^^ _

v / uith

With constant elongation, the original tension drops off gradually ThJs
lowering of tension offers also a measure for the dependence of the elastic
behavior on the time, which is generally designated as “elastic after-effect”
In Figure 156 is shown an apparatus which is used by the Bureau of Stand-
ards to obtain the lowering of tension as a function of time, with constant
elongation of a strip sample. The upper clamp is fastened on a spriiw
dynamometer. The crank, in contrast to the one in Figure 155, is placed at
the bottom. A counterweight, which is visible at the right center behind tie
sample, is required to relieve the sample of the weight of the lower carriage

Compression Tests

The determination of the elastic behavior by measuring the deformation
set after long duration of compression, analogous to the tension test, is seldom
used in pure material research, but is specified now and then in tests for pack-
ing rings and similar soft rubber rings.

Determination of the Elasticity by Measurement of the
Work of Deformation

The Hysteresis Test

If in a tension test the sample is not stressed to the breaking point, but is

unloaded again, the relation between elongation and tension during the un-
loading is illustrated by the broken line in Figure 157. The area Ar (hori-

zontally and vertically hatched) under the unloading curve, represents the
recovered mechanical work, or the external work given off by the sample
during the unloading. Area Ar is smaller than the total area Aa by a differ-

ence equal to area Ah, Area Aa is the total area (designated by horizontal

lines) under the loading curve, and

represents the work input during

the stressing of the sample. A
minus Ar gives the loss of work

between loading and unloading:

i. e., the hysteresis loss.

The following equation

Aa — Ar

Aa Aa

gives the hysteresis loss in relation

to the energy expended.

Figure 157—Hysteresis. The ratio
Ar Recovered work

Aa Expended work

hy 100 to give an expression in per cent) is called “elastic

efficiency by A. Schob/^ (and designated lyei)^ since the ratio of two quan-

^ preuss. Akad. IViss., ** Bur. Standards Circ., No. 38, Fig. 21, p. 54

(1927),
^ Mitt. Materialprufungsamt^ Berlin-Dahh

228 (1919); also Gummi-Ztg., I
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titles of work is generally designated as efficiency. The theoretical

, St
hysteresis is to be found in the section on the “Physics of Rubber” fp. 402 ).

It is necessary at this point to go more into the condition of the materials,

since this information is important in regard to test methods.

The size of the hysteresis, of course, depends on all of the circumstances

which are discussed in connection with the diagram of the simple tension test

I seep. 516 et seq.). Maximum hysteresis would result if the tension test

were carried through to the breaking point. On the other hand, with a

hysteresis test it is not necessary to be confined to any certain point on the

curve. In order to avoid the danger of breaking the test piece, an upper
houndaiy is drawn. With compounds which have a very uniform breaking

value, the upper limit of the test may be placed much closer to the average

breaking point than is -permissible with compounds which are not uniform.

Whether one chooses a definite elongation or a definite tension as the tnd

point of the curve, makes no difference in the hysteresis test if the test is

carried through only once with the same sample, but it is of importance if the

hysteresis test is repeated several times with the same sample. No agreement

on this point has been established as yet, since hysteresis tests are compara-

tively seldom carried out. Perhaps the necessity of an arbitrary choice is

the reason why this test is still so little used.

Figure 158—Repeated loading and unload- Figure 159—Repeated loading and unload-

ing with a constant maximum elongation, ing with a constant maximum tension.

Ill the following pages are presented a few results obtained by the IMa-

terialpriifungsamt on repeated hysteresis tests. In these tests four degrees

ut vulcanization of the same rubber-sulfur mix were used. These tests \vere

carried out so that by repeated trials on one and the same sample (ring), the

points of reversal of the loop in one case are at the same elongation, and at

the same tension in. the other. The test was carried out five times with each

sample.. Since the tension of the first hysteresis loop (the original curve)

should be the same for all degrees of vulcanization, it had to be chosen rather

low (90 kg./sq. cm. or 1,280 Ibs./sq. in.) in consideration of the possibility of

a break in the series with constant tension. In spite of this precaution breaks

occurred in two cases after the fourth loop.

After reviewing the results as shown by eight different diagrams, it has

been considered sufficient to present at this point one example (Figs. 158 and
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159, which deal with the second degree of vulcanization). In both of the
illustrations, Loop I is the same (within the boundaries of unavoidable in-

equalities of the two samples). The tension at the turning point is 90 ka/so
cm., and the corresponding elongations are 660 and 652 per cent. On^repe-
tition, the turning point of the hysteresis loop in Figure 158 always reaches

the elongation value of Loop 1 (660 per cent), and in Figure 159" it always
reaches the tension value of Loop I (90 kg./sq. cm.). In Figure 158 there is

a diminution of tension from loop to loop at the points of reversal, and in

Figure 159 there is an increase in elongation. These progressive changes are

also to be seen numerically in Table 9.

Table 9.

—

Hysteresis Tests.

Fig. 158 Fig. 159
Maximum Maximum
Tension Elongation

Number of the max ^ max

Hysteresis Loop Kg./sq. cm. per cent

I (Original Curve) 90 652

II 53 728

III 47 763

IV 43 781

V 40 797

In Table 10, the values for the areas of Loops I and V' are given (
’withr.ut

calculating the actual rvork values in cm. kg./'cc. ), expressed Minply in

sq. cm., since only the relation of these areas to one another (as calculated in

the tables) is of importance. Furthermore, the values for o-a.ax are given for

Loops IV and V for the series with constant and the values fur

Smax for Loops I, IV and V (the results of Loop IV are given, because as

noted, tw’O samples only lasted through four loops) are given for the series

with constant crmax-

The Impact Test

The hysteresis test may be carried out very quickly or very slowly. The

testing machines available at present do not permit such high velocities that

an impact effect may be obtained. The utilization of such impact effect?

(mainly as impact pressure stress, and not as sudden tension stress) has re-

sulted in a great simplification in apparatus and mechanical design in regard

to the determination of the hysteresis loop. The two tests depending on

impact pressure action are the so-called '‘Falling-Ball” test, and the “Peiidii-

liim Hammer” test.

The Falling-Ball Test

The Sa^mple as the Falling Body. The simplest method is the dropping

of a ball-shaped sample of the rubber to be tested on a base which has a

smooth, level, hard surface, and a considerably larger mass than the rubber

ball. Here the height from which the ball has been dropped and the height

to which the ball rebounds, are to be noted. The relation

Rebound height

Falling height
^

gives tjqi directly in per cent. This simple relation is also true with the ap-

paratus which will be discussed in the following paragraphs.
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The use of a rubber ball as the failing body itself, has certain disadvantao- •

First of ail the soft rubber must be made into the shape of a ball,^^^ assunil^^^
that sufficiently large pieces are available for this purpose. The' second
advantage is that the quantity of work is limited considerably by the relative?"
small specific gravity of the rubber ball, and in addition the weight of baF?
of the same diameter varies, because of the difference in specific o-ravffi^

different compounds. The use of a rubber ball as the falling body isahcrel---
to be considered more as a rough test, which is, however, very" usefiil
such.

^ "

Metal Balls as Falling Bodies. The objections described are avoided when
a metal ball is^ used as the falling body and the rubber compound to he
tested is used in slab form as the impact surface. Naturally, the samnle
must lie completely on a base of sufficiently large mass. The thickness of the
sample influences the results the same way as in the ball compression te^t
(see p. 556). Numerical data on the magnitude of this influence are o-iven
with the discussion of the Schob Pendulum Hammer on p. 574.
The elastometer of Pierre Breuil, built by the Cillard Company in Paris

operates according to this principle, which is also employed in "the Shore
Scleroscope, used in metal testing. The Elastometer “P. B.,” shown in
Figure 160, consists of a celluloid or glass tube (marked with graduations^
which is mounted upright on the base of the apparatus. The sample in slal)

form is slid under the glass tube at the lower end. The tube is closed at the

Figure 160—
Elastometer "P.B.,”

made by

A. D. Cillard,

Paris.

See the preparation of balls for the

tests, p. 593.
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upper end by a closing plate of 3 to 15 mm. diameter, which, similar t.- ll f

.butter of a photographic lens, can be opened at will. When a hardened
steel ball is placed on the closed upper plate and the shutter is opened, the ball

drops through the tube on to the rubber slab and rebounds more or less ac-

cording to the elasticity of the slab. The height to which the Ijail reLi mr-us

can be read from the divisions on the glass tube. The apparatus can i,c pir.

into an exactly vertical position by means of three pointed screws and a icvel

moirated on the base. Samples up to 50 mm. in thickne...s mm be le.-ii-'i.

Some test results which were obtained with the Elastometer are presented in

Table ll.«

Table 11.

—

Elasticity Tests by Pierre Breuil.

Elasticity test

Rati*-! 1.1 f re-
composition of compound Time Temper- Sample Rebound height

of ature of thick- height to fallinj

Sample Rubber Sulfur Fillers Cure Cure ness of ball lieigiit

No. % % % hr. min. °C. mm. mm.
A 97 3 5.U 102 4U.5

B
C

96

97

4

3
^ 3 15 130

5.0

5.0

140

135

56.li

54.0

D 96 4 .... J 5.0 122 48.5

E 62 6 1 20 135 5.5 96 38.5

F 87 13 32 1
' 9 45 135

6.0 130 52.fi

G 76 11 13 J 4.8 122 49.0

H 48 16 36 2 135 5.0 b:2 32.8

I

J

48

48

6

6

46 1

46 j

: 1
1

30 126
5.0

5.0

100

88

40.L?

2

K 50 3 47 1 30 135 5.0 92 3r 1.8

L 27 2 71 1 30 130 4.5 85 o4.U

ll 10 2
43 :

45
:s

30 126 4.5 6u 24.0

The Falling-Ball Test of Hock. The rebound of a metal ball on a rin

-

her plate is also used as a measure of the elasticity of soft rub]*er, in an ap-

paratus devised by Hock (Fig. 161). The basic difference between the

device and the Elastometer of Breuil, is that the ball does not rebuiiud ver-

tically, but at a considerable angle from the vertical, since the riilmcr slab to

he tested is placed on a slanting base. In fact, it is the horizontal distance

covered by the bail which is determined, and which serves as a measure of

the rebound elasticity. The rubber plate is fastened to an iron base which

See Caoutchouc & gutta-percha, 5, 2193 (1908).
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can l>e set at various angles to the horizontal. On the support coluimi which

is also mounted on the base, is a vacuum ball holder. 1 lus vacuum ball holder

<-in be mishcd up or down on the divisions provided for on the support

column The ball holder consists of a half sphere (opening facing down i

to the walls of which a ball is held fast by means of suction created by an air

pump through the fine opening provided at the top. When the vacuum is

diminished, the ball falls perfectly, without spin or added impulse. It then

rebounds from the test slab and describes a parabohe flight over the measur-

ing board The measuring board is covered by a sheet of paper which has a

shtet of carbon paper over it. The ball in striking the board at the end oi it.

fliaht makes a mark on the paper and rolls into a runway provided tor it.

The distance of the striking point from the point of rebound may be meas-

ured by means of a hinged pointer which slides along the divisions ot the

ruler provided on the measuring board. These distances can generally be

used for expressing the differences between different rubber compounds with,

reid to theii rebound elasticities. Hock recornmends for very elastic

samples a falling height of 50 cm., a ball 10 mm. in diameter, and the use of

^he Lse at an anHe of 22.5° to the horizontal. With less elastic compounds,

an ano-le of 10° to the horizontal should be used. An easily calibrated curve

nmkes it possible to obtain, for a given construction of the apparatus, the

relation between the measured distance ot flight and the corresponding

vertical rebound «. It is naturally of value as a measure of the impact elas-

ficitv to determine the relation between the vertical rebound height ot the

balland the original falling height h (the elastic etficiency yei), which is given

directly by the Breuil Elastometer. Table 12 gives a few of Hock s values

for this relation, obtained with a vulcanized soft rubber compound.

T\ble 12. The relation betzveen the distance covered s and the vertical rebound P

( ,
• using a height of fall H of 50 cm. and a ball 10 mm. in diameter

I that IS,
Ji /

^ {according to Hock)

.

P
Per cent

14.2

22.0

27.0

49.4

52.7

55.0

14.2

22.0

27.0

49.4

Angle of the base

degrees
22.5

22.5

22.5

22.5

22.5

22.5

10

10

10

10

Hock also gives the following information in regard to the accuracy of

measurements to be obtained with the apparatus . _

“The recording of the distance covered by means of the carbon impression

is very clear, especially when a ball 10 mm. in diameter is ^sed. The sma

dots have a diameter of 2 mm. so that reading with accuracy ot 1 m .

easily possible With greater heights of fall, the scattering that occurs,

repetitfon of the test, is such that the points are several millimeters from each

Other and an average must be taken.”

Hock L.. “Bcitracre zur Pmfung des elas-

tischcsti von Ivautsckuk, Stahl und
anderen Stolfen.

Z.

tech. I^Jiysik, 6, 50 (1925).
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Since the sample is placed in a slanting position, the fall and reljound of
the ball do not occur perpendicularly to the surface of the sample and part
of the falling and rebound energy are changed to rotational energv, which
uncontrollably influences the result, even though only in a small way.
This method of Hock’s has an advantage over the method using a' perpen-

dicular rebound. With a vertical rebound, the rebound height is obsen^ed
only approximately, and not very accurately, while with Hock’s method the
distance is actually recorded.

The Pendulum Hammer
.\fter the war, van Itersen (Delft) and A. Schob, independently of each

other, arrived at the use of the principle of the Pendulum Hammer for meas-
uring the elasticity of soft rubber.

Figure 162 (Above)—Schob’s impact elastic-

ity tester (pendulum hammer).

Figure 163 (Right)—Diagram of A. Schob's
double pendulum system for elasticity meas-

urements.

The Pendulum Hammer method has the following advantages over that

ot the Falling Ball.

1. Exact recording of the rebound height.

2. Great accuracy in reading, especially for small heights of rebound.

3. Convenient variations in regard to the size of the impact energy.

4. Possibility of making tests in swift succession (only a few seconds required for

each test), so that the samples can also be tested at temperatures above room temperature
without having to place the apparatus itself at these various temperatures.

The Pendulum Hammer of Schob (manufactured by Schopper in Leip-

zig) has a maximum percussion energy of 5 cm./kg. The pendulum {see

Kg. 162) moving in ball bearings, has a pendulum bob (1) with an impact

® “Ein neuer Elastizitatsprufer fur VTeicIi- Dahletn. 227, 1919, J. Springer, Berlin,

gummi.” Materialpriifungsamt, Berlin-
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weight of 200 grams. This pendulum can be moved along the arc (4) up
to the latch (9) and held there. The latch can be fastened at 10 different

heights along the arc (4). The maximum falling height is 25 cm. When
the latch is loosened, the pendulum falls, striking against the rubber slab

sample (3) which is held vertically under the pendulum axis by means" of
two light flat springs. The catch (7) fastened to the axis of the pendulum
catches the pointer (5) just before the impact of the pendulum on the rubber
sample, and carries it to the highest point in the following rebound of the
pendulum. The pointer remains at this greatest height so that the rebound
height may be read from the divisions on the arc (6). The divisions on the

arc" (6) are expressed as percentages of the falling height, so that the elastic

t rebound height - . , ,

efficiency, that is, the relation the pendulum, or the rela-

tion
recovered work

falling height

—
,
can be read directly in per cent of the expended

e.xpended work *

111 order to use the pendulum with smaller falling heights; that is, with

smaller impact energies, the catch (9) can be fastened at 10 different heights

along the arc (4) (from 1 to 1/10 of the greatest falling height H). Since

the half-height is used to a great extent in practice, a second set of divisions

is placed on the arc (6) for the direct reading of efficiency. If one works
with other falling heights, for instance with =0.3 if, the reading for

rjci on the divisions for the complete falling height is to be mul-.'piir.i ’ V the

reciprocal value of the falling height used (in this case 1/0.3). The grad-

uations on the arcs (6) and (4) are made without regard to friction or air

resistance, since the losses from these latter are negligible. In spite of the

careful workmanship, a small friction loss occurs in the bearings of the

pendulum. Furthermore, the dragging pointer (5) must have sufficient

friction so that (especially in the case of small Tjei) the pointer is not thrown

too far, and so that it fastens securely at the end position. A small energy

loss also occurs when the nose of the carrier (7) passes over the pointer.

These errors could be corrected by a corresponding increase in the falling

height on the arc (4). Such a correction has been disregarded, however,

since the whole test sample (waste strips of the normal rings used for tensile

tests)
,
which was chosen wdth regard for convenient and sure service, is not

struck b}^ the blow. Moreover, the results obtained are only good for com-

parative values (see subsequent discussion of the influences of the measure-

ment of the sample and of the character of the surface of the sample). The
errors created by friction and air resistance with the different degrees of

elasticity, always amount to approximately the same fraction of the results

read ; that is, about 2 per cent.

To determine the design of this Pendulum Hammer, A. Schob carried out

several experiments with the double pendulum arrangement shown in Figure

163, using ball-shaped rubber samples. The ball w^as hung on a fine thread.

The two pendulums of the same mass, were then raised to equal heights and

allowed to drop on the sample at the same time. By this arrangement, the

rubber volume w'hich takes up the energy of percussion, is exactly defined.

The friction conditions between the samples and the impact surfaces are very

Since a change in the speed of deformation
occurs with the changing of the energy of
fall hy changing the falling height (not the
mass of the pendulum), this influence should
be regarded in the more accurate tests. The

reproducibility of similar conditions given by

the construction of the apparatus suffices for

general use, when each falling height is can-

sidered by itself.
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{avorsble, and, thiough the use of two pendulums, any loss of stra"^" energy;

tbrough the base of the apparatus is prevented. Physically, therefore, this

method is without objections. Because of practical considerations, the pre-

viously described form of the Pendulum Hammer was chosen, however.
It is important to keep the errors in the apparatus constant in order that

comparisons between different apparatus in different places can be made.
The limit of error previously specified can be maintained if the frictiunal re-

sistance of the pointer (o), measured on its outermost point, is approximately

3 grams, and the resistance required to push back the nose of the carrier i 7 ",

is approximately 60 grams. The lower resting position of the peiidiihmn

jl), when it is allowed to come into this position very slowly, once fruni tlie

left and once from the right, should not show a difference of mure than

0.5 mm., measured at the lowest point. It is advisable to check the friction

uf the pointer (5) from time to time, by placing the pointer in a horizontal

position and hanging a 3 gram weight on the end. The pointer >huiibl dimp
smoothly under this loading. The necessary spring tension of the carrier

(7) is properly chosen during the construction of the apparatus, and it

only when a damaged spring must be replaced that any attentirm iiiimt be

paid to it.

As a consequence of the impact of the pendulum, the anvil is given a little

motion, which it in turn transfers to its base. In order to detennine the

effect of the method of support the apparatus was set up the first time on
rollers, so that it could easily move in the direction of the impact, tlie second

time on a solid table of medium size, and the third time on a solid fioor. All

three experiments were carried out, using the full falling height {H' =
1,0 H), with a soft, very elastic material and also with a very iIlela^I!c ma-
terial.®^ All the conditions were otherwise the same. With both materials

the highest values were obtained with the freely moving apparatus, and tlie

lowest with the apparatus placed on the solid floor. Corresponding to the

slight yielding of the table, the values when this arrangement was used lie

between those for the other two.^^ For all the following tests meniioned, the

apparatus was placed upon that same table.

It was to be expected that the surface of the test sample would be of con-

siderable influence upon the test results. For determining the errors of the

apparatus, the same sample w'as always used. It \vas thus possible to elimi-

nate all the diflferences which are possible in the material itself, and which
would obscure the results. A large series of tests showed that by repeated

blows upon the same sample (with exceptions which do not come into con-

sideration here) there is an increase in the values of 7/en which disappears

again, however, after a short I'est. In tests in further series the initial values

were always obtained again. A slab, 6.0 mm, thick, of mechanically milled,

bigh-grade automobile inner-tube compound, used in block form, was used

tor the tests listed in Table 13.

The different conditions of the surface of the sample are to be seen from
the table. The figures for Tjeh written one under the other, give the read-

ings of direct successive blows. The increase in lyez with successive blows,

which is barely noticeable in the first two columns only, becomes clearly

’ These tests were carried out during the war
at the time of the greatest rubber shortage.
This accounts for the selection of the test ma-

^
terials.

® This first striking phenomenon is explained
by the rigid connection of the pendulum axis

with the anvil. With the freely moving set-

up of the apparatus, the pendulum^ bearincr

participates in the movement of the anviS

which is directed against the rebounding pen-

dulum so that an increase in the rcLound
height results.



574 PHYSICAL TESTING METHODS

Table 13.

—

The Influence of the Surface of the Sample Upon the Results of the Tc^f
Total Falling Height (//' == 1.0 H)

Material : Mechanically Worked Red Automobile Inner Tube Stock

Values for the elastic efficiency,

(1) (2) (3) (4) (5) (6)
53 45 48 47 48 45.5

54 45.5 48 47 48 45.5

54 45.5 48 47 48 45.5

54 45.5 48 47 48 45.5

54 45.5 48 47 48 45.5

(1) Both sides carefully rubbed the day before with alcohol-benzine (surface of en-
tirely clean rubber)

A

(2) Both sides rubbed with talcum.

(3) Both sides rubbed with talcum, and the talcum rubbed off as clean as possible
with a dry cloth.^

(4) The hammer side of the sample again rubbed with talcum.

(5) The hammer and hammer side of the sample rubbed off dry again, and the anvil

side of the sample rubbed with talcum.

(6) Both sides of the sample rubbed with talcum again.

a The surfaces of the hammer and the anvil well deaned.
b The numbers in the columns are the values for immediately succeeding blows.

evident under slightly different conditions. The greatest values (Column

1) are obtained with an entirely clean surface. The values for are

lotvered the most when both sides of the sample have been rubbed

with talcum (Column 2). Vigorous rubbing with a clean cloth allows the

value to rise again to not quite one-half of the difference (Column 3). After

the sample was subjected to the treatment given in columns 4 and 5, it was

again rubbed on both sides with talcum. The same values were obtained in

column 6, as had been obtained in column 2. The rubbing with talcum is per-

formed by using a cotton wad, or more simply with the dry finger tips. The
excess talcum is knocked or lightly blown off. It is shown in Table 13 that

uniform values are obtained by rubbing the sample with talcum. Varying

the amount of talcum rubbed on (within fairly wide limits) is of no impor-

tance, since very slight contamination of the surface (Column 3) results in

essentially different values from those of an entirely clean surface. It is ex-

ceedingly hard and inconvenient to produce and to maintain an entirely clean

surface, especially since the test pieces are to be cured in sheets of the proper

thickness (6 mm.) and are not cut out of full blocks. It is, therefore, ad-

visable to carry out tests with the Pendulum Hammer with samples which

have been rubbed on both sides with talcum.

Another series of comparisons is presented in Table 14. Use is made of a

harder material (red carriage tires), with very clean test surfaces, and sur-

faces rubbed with talcum. In Table 14 are also to be found (especially with

the thinner samples) appreciable differences, which diminish with increase

in sample thickness.

The main reason for obtaining the results shown in Table 14 was to de-

termine the influence of sample dimensions on the elastic efficiency. Samples

with different thicknesses, from IS to 44.6 mm., as well as from 2 to 10 mni,

were used. The numerical values in Table 14 are placed together as graphs

in Figure 164. In order to make possible the representation in a coordinate

system of two axes, in spite of the three existing variables (rjeh width and

thickness), the different thicknesses of sample are distinguished by different

signs, as explained below the figure. The values clearly show that, within

the chosen limits, the diameter of the sample exerts no influence, but that ijd
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T\BLF. 14.

—

The Effect of Different Thicknesses and Diameters of the Sairt^I’ L'ron >re
Results of the Test.

(Total Falling Height Used)
Material : Red Carriage Tire.

Elastic efficiency Elastic erncier.cvC 1 * .

Sample dimensions Sample dimensions

Diameter Thickness
rjel * Per cent

Diameter Thickness

* Per ce:::

d s. Without With d s Without With
mm. mm. talcum talcum mm. mm. talcum talcum
44.6 10.0 49.5 49.5 20.0 10.0 51.5 50.5

7.8 48 47
6.0 44.5 42

36.6 10.0 50 49.5 2.8 33 23.5

7.8 47 46 1.9 22 14

6.1 46 42 15.0 10.0 49 48.5
2.5 32 23.5 7.8 48 46.5

25.0 10.0 49 49 6.7 46 43
7.7 47.5 47 3.8 39 32
5.6 44 41.5 3.2 35.5 28
1.8 22 14.5 2.0 25 18

1.5 17 10.5

* The values given here are the values obtained from the last of five succe''ive bl-jw
same sample.

decreases greatly with a decrease in sample thickness. These results made it

necessary to make further tests with samples of varying thicknesses hut co:v
stant diameter.

As was to be expected, dii?erent falling heights of the hammer also had a
distinguishable influence on the results. The experiments involving variation

in falling height were carried out by using 4 materials having sample thick-

ness between 4 and 7 mm., and l)y employing falling heights of //' = 0 . 1 .

0.2, 0.5 and 1,0 H. The smallest fall was used first since in tlie reversed ca-e
results would he affected by the influences of the preceding stresses wliile the

influences of smaller preceding stresses would have no effect on the succeed-
ing results. Only the results obtained with the first of the five .successive

blows was used for the drawing of the illustrations, one of which is presented
in Figure 165.

Figure 164—The effect of the thick-
ness of sample upon the elastic effi-

ciency 7}eU

• = 15 mm. sample thickness.

+ = 20 mm, sample thickness.

X = 25 mm, sample thickness.

0 = 36.6 mm. sample thickness.

A = 44.6 mm. sample thickness.

Tests were also carried out with the same sample, with the temperatures

varying from approximately 0^^ C. to 45° C. and with one blow from the full

falling height. Figure 166 gives the results for material “a.” To test the
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effect of temperature variations, the samples were stored for a long time in

receptacles which were kept at these temperatures
; then taken out qutckiy and

tested. The time which elapsed between removal from the receptacle and the
blow, was limited to 4 or 5 seconds, so that with temperatures which did not
deviate too greath' from the room temperature, no mentionable deviation of
the actual temperature of the sample from the theoretical temperature could
have occurred. In the planning of the apparatus, consideration was mven to
the possibility of providing for the execution of tests at higher and lower
temperatures by enclosing the whole apparatus and operating from the out-
side. P^or most cases in practice (for which the apparatus was primarily
designed) these complications of the apparatus are unnecessary.

Figure 165—The effect of variation in

thickness of the sample and in the height of

of the pendulum upon the elastic efficiency

O = 1.0H (complete falling height).

X = ri5//.

1 H,

the Figure 166—The effect of tempera-
fall tures upon the elastic efficiency ticu

7]ei. with the complete falling height and

various sample thicknesses.

Upper line: 45° test temperature.

Middle line : 22° test temperature.

Bottom line :
0° test temperature.

Ill comiiioii with the curves of Figure 164, those of Figures 165 and 166

show the dependence of elastic efficiency tjci on the thicknesses of sample.

The curves for the higher values of Tfd rise steeply at first; then slowly be-

come fiatter. A thickness of 6 mm, has been considered as the normal thick-

ness of sample. It corresponds to the normal thickness of the strips used for

tension tests in the Schopper-Dalen machine. This value is not always ob-

tained in the preparation of the slabs. If test strips with thickness greater

or less than 6 mm. must be tested, the readings should be corrected to the

6 mm. thickness. In considering the curves in Figures 165 and 166 for the

full height H, the bent portion of the curve lying between thicknesses of

sample of 5 mm. and 7 mm. can be straightened out into a straight line which

has sufficient accuracy for practical purposes. With the different materials

and temperature variations, the straightened line for a sample of thickness

between 5 mm. and 7 mm. crosses the horizontal axis at — 5 mm. It was

found that -when the value of tjqi determined with a sample of thickness be-

tiveen 5 and 7 mm. was multiplied by
11

S'+S
(in which 6' denotes the sample

thickness) the value for 7]ei obtained was exactly the same as when using a
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sample exactly 6 mm. thick. With a falling height oi H' = Q.S H { Fig. 165 )

,

the point where the extended curve crosses the horizontal axis is at — 9 mm.
for sample thicknesses between 5 and 7 mm. The correction factor in this

CES6 is

I
Q

‘

The values of rjei for a 6 mm. sample thickness and the total height of

fall, are plotted in Figure 167 as a function of the temperature of the experi-

ment. From these curves it is apparent that the elastic efficiencv of Methyl
rubber (a) as well as that of natural rubber (b, c, d) is greatly influenced liy

a temperature variation of_ as little as 1° C., the efficiency increasing with
temperature. This conclusion was confirmed by the results of other experi-

ments not reported here. The opposite curvatures in the cases of IMethyl

rubber (a) and of natural rubber (b, c, d) show that the exact manner of

variation with these rubbers is different. A definite testing temperature

should be set; best of all 20° C. Otherwise uniform results cannot be ob-

tained. In certain cases, varying test temperatures can naturally offer special

interest.

Figure 167—The dependence of the elastic efficiency

on the temperature of the experiment in the case

of four different materials (a, methyl rubber com-

p*3und; b, c and d, natural rubber compounds).

The data show that with determinations of elasticity of soft rubber, just as

with all other testing results (tension, compression, hardness, crushing, etc.},

exact agreement on sample shapes, etc., is necessary if comparative results

are to be obtained.

The summary, based on the experimental results discussed in the work
with the impact elasticity tester of Schob’s construction, is as follows :

As a rule, the strip stamped out of the soft rubber sheet for normal tension tests ; that

is, a strip 6 mm. in thickness and 44 or 36 mm. in width, is to be used as the test sample.

The diameter may vary through wide limits, but the thickness of strip has an important

influence on the test results. With strips between 5 and 7 mm. in thickness, the readings

for T/er, working with the pendulum at the full height, are to be multiplied by

(5*= strip thickness) in order to obtain the comparative values for a sample exactly

6 mm. in thickness. Operating at the half-height, the readings are to be multiplied by

15

S+ 9

The samples should be carefully rubbed with talcum before the test, because the sur-

face condition influences the test results. Furthermore, because of the great dependence

of the elasticity of soft rubber on the temi)erature, the test temperature of 20 C. should

maintained as exactly as possible.
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The Determination o£ the Degree of Plasticity

General Notes on Plasticity

Plasticity may be contrasted with elasticity.
_

It should therefore be dis-

cussed in conjunction with the section on elasticity, even though it is used

primarily in connection with uncured_ rubber, while the testing procedures

already discussed are used (m practice at least) almost exchisnely iMth

cured compounds. There is naturally nothing to prevent the use o these

methods on uncured rubber, although such a use gives information largely

of scientific interest only.^^

A plastic substance is one which on being deformed by an external torce,

retains its new shape, even after the effect of the external force has been re-

moved. The obvious contrast to elasticity can only be expressed in the test

Lthods by the elongation set 8' of tl^ tension test (p o61) and ot the

hysteresis Lperiments fp. 564, Fig. 157). The proviously discussed hm,ta-

lons with respect to elongation set again apply; i.e., the elongation set is

Sera lv a fuLion of time, and is also affected by the “elastic after-ehcct.

Temperature influences are also important. Only the actua permanent por-

tiLSf the elongation set represents the pure plastic defonnation.
_

Sough hysteresis measurements are of value for the deternunat.on oi

elariic bekvior, they do not serve as well as_a measure for plasticity since

me vsteresis loss in the case of plastic materials is not at all confined to the

work of deformation, but also includes an energy change of another kind

wh ch accompanies deformation. In practice the amount of work necessary

for a non-elastic deformation is important (for instance, m the milling ot

mtde rubber and rubber mixtures) but it can not be used as a measure o

plasticitv which is defined in terms of the magnitude of deformation (linean.

fhrsize of the deformation (elongation with tension tests and compression

with compression tests) which ' remains after the external forces have been

remot ed i accordingly used as a measure of plasticity Because ot the iin-

Lisuallv '^reat capacity for plastic deformation exhibited by soft lubber it i>

of intereri in most cases to consider the plastic deformation not only ,

but also with respect to the total deformation or to the elastic deformation.

Experimental Methods

Extrusion Method

Marzetti’s^^^ method for the determination of Pl^^^icity is used as a com

trol on the mixing and vulcanizing of rubber compounds. The masticatec

lS!b“irLced .Erough a„ oriSce'by means ot

Strand which has been forced through after a certain length of tmie, is n .

iired or wei°-hed After each interval, the rubber strand is notched by means

of a knife fastened at the opening On the left in figure JbS
mriiownfte

apparatus, which requires no further explanation, and on t

^
strLds of rubber, each notched at 15 minute intervals._ ^he “pper e

the left-hand strand shows a shortemng in sections,

“setting-up” of the stock. The experiment may be carried out at differ^

temperltures without difficulties, by placing the apparatus m a glyce

bath. The knife U ivhich is used to make the notches, can be operate .

means of the lever L which extends out of the bath.
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J.
Bchre * \_R(iutscliukj 8, 2, 167 (1932)3 has recently discussed the results oi

vears' work with a plastometer of the Marzetti type. He found that it gave results
which agreed well with those obtained during practical mill, calender, and tubing machine
operations, and concluded that it provides a more certain indication of the behavior of
raw rubber and rubber stocks than do parallel-plate plastometers in general.
Xhe most recent development in connection with extrusion plastometers is that covered

in a paper by J. H. Dillon and N. Johnston [Physics, 4
, 225 (:D35):. In contrast to

those used by Marzetti and_ others, the plastometer of Dillon and Johnston operates at

rates of shear comparable with those employed in factory tubing machines. This plastoni-

der consists essentially of a hardened steel piston which extrudes the rubber thrnuijh a

die at the lower end of a steel cylinder. The piston, which is 0.5 inch (1.27 cm.l in

diameter, is operated through a distance of 3 inches C7.62 cm.) by a pneumatic piston
having a diameter of 5.5 inches (13.97 cm.). Thus, the air pressures of 5 to 80 pi3unds
per square inch used in the pneumatic cylinder, correspond to 605 to 9680 pounds per
square inch pressure exerted on the rubber. For further details regarding the plastometer.
the reader is referred to the original article. The relation between rate of efflux and
pressure was measured for various types of rubber stocks wuth this machine. This rela-

tion was found to be very different for pure gum stocks as compared to highlv com-
pounded stocks, such as those used for the treads of pneumatic tires. The results ob-
tained with this extrusion plastometer have been compared with those obtained with the
Williams instrument, and a possible explanation of the partial failure of the compression-
type plastometer to correlate with factory extrusion machines is presented in the orig-
inal paper.

Other Methods

Williams, de Vries, Griffith and van Rossem used the compression of a

measured amount of rubber under a certain weight, or the impression of a

punch piston, as the measure of plasticity. This method can be used for crude
rubber, masticated mixtures and vulcanized rubber, at different temperatures,
without any difficulty.

The simple construction of the apparatus of these authors is essentially

the same. A picture of one such apparatus, namely that of de Vries and
ran Rossem, appears in Figure 169, while that of Williams (much used in

America) is shown in Figure 169a. In the apparatus first mentioned, a meas-
ured amount of rubber is first compressed between the two smooth plates

under a definite loading. In order to obtain clearly visible conditions, van
Rossem fastened a punch, 1 sq. cm. in area, in the center of the bottom plate.

* Translator’s note by V. N. M.
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Figure 169—The Plastometer of de Figure 169a—The Plastometer of Williams.

Vries and van Rossem.

The depth of penetration of this punch in the rubber, under the influence of

a 5 kg, loading weight, is equal to the lowering of the weight. This lowering

is measured on a gauge, which is graduated to 1/100 mm. Van Rosseni;^^

in a lecture based on the joint experiments carried out with van der Meyden
and earlier work, discussed the different effects observed during the use of

the plastometer. The total compression which the apparatus indicates is

partly plastic and partly elastic. The elastic portion is also strongly under

the influence of the so-called ^‘elastic after-effect/^ The size of the elastic

and plastic portions depends greatly upon the temperature.
The values given here were taken from this lecture by van Rossem. In

Figure 170 are presented curves (obtained at different temperatures) which

show the decrease in height of the experimental samples of masticated crude

rubber, under equal loading in the plastometer, in relation to the loading time.

If the samples are released after a definite length of time, the division into

the purely plastic deformation and into the elastic after-effect may be fol-

lowed from the magnitude and the speed of the decreasing deformation.

Since the graph for this is not so clear, the corresponding tables from van

RossenVs work are also given here (Table 15).
The figures in the first column show that the deformation suffered during

the loading is purely elastic, although the elastic after-effect lasts two hours.

In column 2 a considerable portion of the deformation is truly plastic, al-

though a considerable elastic after-effect is still present. In column 3, the

plastic portion of the deformation is in preponderance by far, and the elastic

after-effect is very small.

“ International Congress for Testing Materials, Nijhoff, The Hague, 1928. See also Kant’

Amsterdam, 1927, Vol. II, p. 479, Martinus sckuk, 3, 369 (1927).
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Table IS.—The Behavior of Masticated Crude Rubber After Release in a Plasloincfer
(According to A. van Rossem and H. van der Meyden).

(The Thickness of the Samples Expressed in Hundredths of a Millimeter.)

Temperature of the test :
16° C.

Original thickness of

the sample:

Pressed in the Plastometer

to:

45° C.

218

44

70° C

190

17

After 1 Minute 130 After 1 Minute 46 After 1 Minute 22
5

a 155
£i

3 57
u

7
“

27
(1 10

it 173 8
i£

64
ii

20
“

27
ii 15

it 178
ii

13
a

71
ii

30
“

28
(( 20

(( 183
ii

18
a

80
a

90
“

30
ii 25

ii 189
ii

23
a

84 150
“

32

30
ii

192
ii

28
ii

86
ii

ISO
“

32
ft 40

it 197
ii

95
a

115
a

270 “
33

ft 45
a 198

ii

108
a

117
a

330
“

33
ft 50

“ 199
a

120
ii

119 24 Hours 35
ff 60

a 201
ii

150
ii

123 72
“ 35

It 65
ii 202

a
210 125

if 80
it 205

ii

240 ii
126

u 90
it 207

ii

300
a

127
a no {< 209

120
n 210

Figure 170—The relation between the

plastometer readings (ordinates) and

the duration of loading, at various

temperatures (as found by van Ros-

sem and van der Meyden).

Figure 171 shows the dependence of the plastometer indication on the

time, for rubber with several different degrees of vulcanization, using an

experimental temperature of 147® C
^

• • r u i

The influence of the temperature of test in the det^mmation of the plas-

ticity of vulcanized rubber (92.5 per cent crepe and 7.5 per cent sulfur) is
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I
Figure 171—The dependence of the

I plastometer readings (ordinates) on

I the duration of loading and on the de-

> gree of vulcanization of the com-
0 pounds, at a temperature of 147® C.

1 (as found by van Rossem and van der

Z Meyden).

to be seen in Table 16. In this table are shown the portion of elastic re-

covery from compression (the purety elastic part) which is to be noticed

immediately after release of loading, the elastic after-effect, and the purely

plastic portion (corresponding to the remaining compression) in per cent of

the total compression, without regard to its absolute magnitude.

Table 16.—The Influence of the Temperature of Testing Upon the Measurements
Taken with a Plastometer.

(According to A. t'an Rossem and H, van der Meyden.)

Purely Elastic

Testing Duration of elastic after- Purely plastic portion

temperature vulcanization portion effect (Residual compression i

C min. % %
18 30 59 37 4

60 81 19 0

90 89 11 0

120 93 7 0

150 100 0 0

240 100 0 0

100 30 62 18 20

60 85 15 0

90 95 5 0

120 94 6 0
150 93 7 0
240 100 0 0

130 30 23 53 24

60 71 14 15

120 75 23 2

240 92 8 0

147 30 21 25 54

60 38 24 38

90 45 32 23

120 55 18 27

150 61 16 23

240 65 7 28
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Xhe B. F. Goodrich Company* [Karrer, E., Davies, J, M., Dieterich. IL O., IwL En>j,

> 'hcW-} Audl^ Ed.j 2, 96 (1930)] has developed a plastoineter which operates *<ti the

principle that plasticity is a function of softness and retentivity of deforniatifm. In this

p’astometer, a cylindrical smnple 1 cm. lung and 1 sq. cm. in cross section, is placed lic-

nveen two vertical rods which have a cross-sectional area of 1 sq. cm. The original

height of the sample is taken, a definite load is applied to the sample through the upper
plunger for a certain length of time, and the height of the sample is again recorded. The
..ad is then removed and the height of the sample is again recorded after a definite lensfth

'i time. Plasticity is then calculated, using the value of the force applied, the lengtl^of

time of application, the original height of the sample, the height under compression, and
the height after recovery. This phn=V,m.f-to" operates rapidly and gives consistent results.

G. W. Usherwood [Trans. Jnsf. A'a- -e.- :nd., 8, 227 0932)] has described a plastom-
eter, which was developed in England, and which is somewhat similar in design to the
modified Goodrich plastometer discussed above.

Protracted Tests

The designation ^^Protracted Tests'’ in material testing is neither fortunate

nor clear. This expression denotes

—

(a) Experiments in which a test sample is subjected to an c>scillating

stress, with many repeated changes, with increasing and decreasing tensi^ in

within definite tension or deformation limits, or

—

(b) Tests in which a protracted action of a constant loading or deforma-
tion occurs.

In both cases, the amount of loading or deformation employed does not

reach the breaking value which may be found in the case of a simple test of

strength with a single stressing or deformation at break.

The English word ^‘fatigue," refers, preponderantly if not entirely, to the

first group; that is, to oscillating stressing. This conception of “fatigue"

is also conveyed by the word “Ermiidung” often found in the German litera-

ture on materials testing, although it is douljtful whether a material change
analogous to physiological tiring is the cause of breaks which, in the case of

repeated stressings, are found to occur far under the usual breaking tension.

The word ^'endurance,” used in the English technical literature, refers

more correctly to the properties of materials in question, !)Ut “endurance
tests" sound a bit unusual. “Durability" also covers the idea, but goes fur-

ther, since by it is also understood the resistance to change of material

properties following the so-called “aging." The term “protracted break,"

if used for a break caused by protracted stressing would be literally wrong,
for the break always “lasts," whether it be caused by a single or a repeated

stress.

The same kind of stresses used for the ordinary short-time tests can be

applied to the long-lasting tests with constant stress. Consideration is to be

given to the following types of stress : tension, compression, shear, bending,

kinking, twisting, and combinations thereof. With repeated or oscillating

stress, further possibilities of combination exist, especially as a consequence

of the reversal of the direction of the stress with each oscillation. Alternating

tension and compression may result for instance.

Tension stressing is the most interesting of all the methods of stressing.

In spite of the fact that repeated tension stressings are important in soft rub-

ber testing (the importance can be also seen from the hysteresis illustrations

in Figs. 158 and 159) such tests have been carried out very little as yet.

Perhaps the main reason for this is the great cost of such tests, if they are

* Translator’s note by E. O. E.
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carried out somewhat systematically; that is, if consideration is given to tl ^

many possibilities of variation in regard to the size and frequency of
stress, as well as to the different temperature variations. As was mentioned
the explanation of the hysteresis curve, there are no preferred points in th^
soft rubber diagram, which can serve as a basis for the choice of stress ^
for repeated stressings. In addition, there are secondary effects which ocoir
with the tests of long duration, which will not be discussed here. The mo-*
important secondary effect, natural aging, is influenced by mechanical working'
The first apparatus built for testing with repeated stresses, was the com-

bination rubber tester of P. BreuiPs, made by the Cillard Company in Paris
(described on p. 549 j.

^

Figure 1 72-—The Martens-Schopper protracted test machine.

The Materialpriifungsamt uses the Ivlartens-Schopper apparatus (shown
in Fig. 172), which permits the simultaneous stretching and release from
tension of four normal rings (individual adjustments for each ring). The
amount of tension is measured by helical springs. The damping device for
the ring samples is similar to that of the rubber tester of Schopper-Daleii
(see p. 542). The rings travel over the clamping rolls during the lengthening-
and shortening. Counting devices, which automatically cease operating when
the samples break, show the number of changes in stress. If the elongation
set is to be measured after a certain number of stressings, the elongation
measuring device of i\Iartens-Schopper (described on p. 563) is used. A few
of the results obtained with this ‘Tatigue”-testing machine, are ghxn in

Table 17.

protracted test* developed and used by the Firestone Tire and Rubber Comcanv
[Cooper, L. \

.,
hid, Eng. Chem., Anal. Ed., 2 , 391 (1930)] tests the flex-crackina

sistance of any stock from which a dumb-bell strip may be cut. Tliis machine subjects
rubber stocks to repeated elongation, producing flex cracks which are very much like
those received m actual flexing service. In this test dumb-bell strips are fastened to two
horizontal beams, the lower one being stationary and the upper oscillating verticallv.
During each oscillation of the upper beam the sample is stretched from zero per cent to
a dehmte elongation which may be regulated. This machine is small and ccir.nr.ct v'"
may be mounted in the sunlight or enclosed so that samples may be u-sic-c a: k:!-.-

temperatures or surroundcc- by an atmosphere of a gas other than air.

The back-and-forth bending tests, the simplest method of execution of
which is illustrated in Figure 173, are also convenient to use. Considered
from the standpoint of material testing technique, they belong to the so-called

technological tests, under which are included those tests in which definite

deformations are obtained (it does not matter whether it is a single or re-

peated stress) without the necessity of measuring the forces required to

obtain these deformations. The bending radius in the back-and-forth bend-

* Translator’s note by E. O. E.
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Table 17 —Experiments by Martens ivilh Repeated Stretching nf Soft Rubi^er.

Maximum The average
elonga- of the load Variation
tion in reversals of the

t the Material the pro- until break, individual Remarks
[ate- tracted taken from values of
rial test 3 parallel 2A when

per cent tests 2Am = 100

1 Para + 10% S 86 117 Wearing occurred uu
cured properly 86 130,300 92 the inner surface

86 91 during tlic test.

2 The same 25% 87 68 Excessive wcarii'.g

undercured 87 156,050 129 nil tlie inside. Several
87 103 cracks appearrd n

the out<idc be:k‘ re

the actual break
occurred.

3 The same 25% 86 81 No wearing.

overcured 86 96,310 73 Cracks un the insi<!e.

86 146

4 The same 50% 86 126 Xo weari!ig.

overcured 86 60,980 102 Cracks on the outside.

86 74

ingtest shown in Figure 173 is not definite. If a certain betiding radius is to

he maintained, the test method shown in Figure 174 may be employed. In

this test, the sample, in band or cord form, is pulled back and forth over

mils, while under a definite tension.
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Among machines of this type developed in America* are the duPont machine fW
A. M. Neal and A. J. Northam, InL Eng. Cbem., 23 , 1449 (1931)] and that of P. M
Torrance and L. C. Peterson, [India Rubber World, 80 , No. 4, 62 (1929) ]. In the case
of the duPont machine, a belt comprised of molded rubber links backed with cord fabric
is flexed over a series of pulleys. The failure of the sample is indicated by the appear-
ance of small nicks which soon increase in size until they become deep cracks ofter
extending all the way across the test piece. The flexing apparatus is inclosed in a case
provided with an air-tight glass front. It is thus possible to flex the belt in any gas
medium desired.

The machine of Torrance and Peterson was designed especially for the study of the
cracking of tread stocks. It consists of a rotor disk one inch thick, keyed to the shaft

of a 1/4 h. p. induction motor, and radially slotted about its periphery so as to take
twelve samples. Around this rotor is a steel ring placed off center with respect to the

rotor. The test samples are mold-cured slabs of rubber, 1 x 1% x fs inch, having two
semi-circular grooves molded across their width.^ As the rotor turns, the test pieces arc

flexed through a 90^ angle as they pass that point on the ring closest to the rotor and
arc straightened out again at the opposite side of the ring. Since the motor operates at

appro:; imately ',725 r. p. m., the samples are flexed 2,484,000 times in 24 hours, which
is sutfleient time to develop serious cracking in a tread stock not containing an antioxi-

dant effective in imparting resistance to flexing. This machine is reported to

suits which check qualitatively with those of road tests.

Figure 174a—Flexing machine developcTj

by the United States Rubber Company.

A protracted test which evaluates the flexing life of rubber goods which are composed
of rubber and fabric, has been developed by the United States Rubber Company.!
[Gibbons, W. A., hid. Eng. Chem., Anal. Ed., 2 , 99 (1930).] In this test a strip of the

sample composed of several plies of fabric and rubber is bent around a hub until its two

faces are nearly parallel {See Fig. 174a). A weight is applied to the hub so that the

strip is pulled taut. The jaw’s which hold the ends of the strip are moved reciprocally

so that the strip drives the hub and is moved back and forth around the hub. This is

continued until separation occurs between the plies of the strip. This test is used e.x-

tensively to evaluate tire carcass stocks and belting.

* Translator’s note by V. N. M. t Translator’s note by E. O. E.
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The long'duration tests with a constant stress, in which tlie size of the

load or of the deformation is kept constant, can be conducted without com-
plicated apparatus. Both are used in practice, although preference is given

to the simpler one; that is, the one with constant deformation, in which the

effective forces are not measured. The stretching tests for the determination

of elasticity described on p. 561 belong to this type. The diiraliuns cu'

stretching are so short, however, that these tests cannot be classed as “pro-

tracted” tests. Rubber also changes its mechanical properties without being

stressed; that is, it “ages.” This aging, which is dealt with more iliorougltly

ill a later section {see p. 604), exerts an influence in long-lasting mecliaiiicai

stressing. It will even be accelerated and will finally become the main factor.

It is impossible to observe the influence of each factor separately, and there-

fore long-duration, constant stressing is used to assist the “aging.”

In order to subject rubber rings (the waste rings which are obtained from

the outside scrap produced during the ring stamping may be conveniently

used) at constant tension to natural as well as artificial aging p. 617;,

A. Martens stretched them upon a glass plate, which was approxi-

mately 8 mm. thick and which had rounded edges (as is shown in Fig. 175 n

0. de Vries conducted aging tests in a similar manner at a later date.

Figure 175—Aging samples stretched

over a glass plate.

(According to method of

A. Martens).

At the suggestion of A. Martens, experiments were also carried out in the

Materialpriifungsamt, using constant loading over a long period of time

and employing the arrangemefit shown in Figure 176. The load^ was very

small, the original value of 1 kg./sq. cm. being raised to l.S and finally to 2

kg./sq. cm. The observed variations of elongation with time are shown in

Figure 177. During the first 175 days the load was repeatedly released for

several days, as is shown in the diagram.

In practice, compression is the only test besides tension which is used for

long-duration tests with constant stress. The clamping devices for this test

are also of the simplest kind.

Several instruments for protracted compression and compression set tests, which are

especially adapted for the testing of rubber automotive equipment, have been dweloped

in the laboratories of the Firestone Tire and Rubber Company.’^ [Abbott, F. D., um.

Martens, A., *‘t)ber die technische Prufung Materialprufungsamt,” Sitzber. preuss. Akad.

. _ , Wiss.f 14 ( 1911 ).

des Kautschuks und der Ballonstoffe im K.gl. Translator’s note by E. O. E.
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Figure 177—Long duration tests using very small loads, interrupted

by long resting periods.

Eng. Chem., Anal. Ed., 2, 145 (1930).] One instrument, the compressetometer, is use-

ful in making deflection, hysteresis and set tests under constant load or constant distortion.

This instrument applies compressive loads to test pieces by means of three tension

springs. By turning a hand wheel the springs are made to pull a plunger down on to

a sample resting on the bottom plate. The loads are measured on a scale and a gage

measures the deflections. The test samples are small round discs.

An instrument to make compression set tests under constant distortion consists ot

two parallel steel plates clamped together by means of four bolts passing through the

plates near the corners.' A compression set clamp with which tests can be made at

constant load, consists of two parallel steel plates with long tie bolts, and a short com-

pressive spring inserted between the plates. The sample is placed on a steel disc on top

of the spring and is loaded by compression of the spring. The last instrument is used

primarily for permanent set testing.
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Crushing Tests

General Terms

The crushing tests occupy a special position among soft rubber test method Is.

The stressing of the rubber sample (ball) during this test is verv complicated.

From the standpoint of the main stress which works externally upon the ball,

the crushing test can be considered as a repeated compression in wliicli the

line of direction of the compression forces is constantly changing because

of the rotation of the ball. In order that crushing and not external abrasion

may occur, the loading of the ball must be chosen high enough so that the

test is completed in a few hours. This cannot be called a Irnig-diiration test,

even though it is a test with repeated (oscillating) stressings, and one in which

the direction of stress is alternating. In all oscillatory stressing, the work
of deformation (which plays a rather insignificant part in the case of tests

with a single loading) is of primary importance, and the transformation of

the energy of mechanical deformation to other forms of energy, mainly heat,

gains importance thereby.

Martens’ Crushing Tester

In the year 1908, A. Schob noticed that cracks formed in the axis of a

cylinder of an inferior grade of rubber eraser, which he had rolled back and
forth under pressure, between two plates. The apparatus of A. IMarteiis,

designed and tested on the basis of this observation, to test cylindrically-

shaped samples of rubber compound for ‘Trushability,” came to nought be-

cause it was impossible to keep the sample in the desired path.’"'*" iMartens

solved the problem by building a simple reliable crushing apparatus in which

a spherical sample (30 mm. diameter), instead of a cylindrical one, rolled in

a V-shaped groove under loading.

Figure 178 shows a view of Martens’ ‘‘crush” tester. The load is transmitted

directly to the sample through the pulley (designed for a round belt). By
suitable combinations of the weight of the pulley (including the guide pin)

with 4 additional weights, the loading of the ball may be varied as desired

between 12.5 and 100 kg. in steps of 12.5 kg. For loadings of 37.5, 62.5 and

87.5 kg., a thin shell (not shown in the picture), which is of the same height

as the smaller weight, and which together with the pulley makes up a load of

12.5 kg. is used instead of the smaller weight.

^^See Memmler and Schob. Mitt MaterialprUfungsamt Berlin-Dahlem, 30, 140 (1912).
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A counting device which counts the number of rotations of the pulley (not
the ball), is operated by means of a catch placed on the pulley. This count
of rotations until the ball is crushed, forms, in connection with the existing
degree of loading, the measure of resistance to crushing. With the cylindrical

sample (which had to be rejected for the reasons given above) the be^-in-

ning of crushing could be observed on the end of the sample
; however, with

a spherfca! sample such a possibility is lacking, since the destruction begins
on the inside near the center of the ball. Differences between soft rubber
compounds with respect to the number of revolutions (absolute or relative)

which a ball can endure undoubtedly also exist. The end of the test is

reached when the belt does not rotate the pulley any more, as a consequence
of the bursting of the ball or of the development of a large hollow (due to

crushing), which leads to the extreme flattening of the ball.

The mechanical energy which the ball absorbs in rotating under great de-

formation, is so great that the ball is intensely heated inside. With stiff com-
pounds, the tempei’ature rises beyond the curing temperature. Under other-

wise similar conditions, the heating and the number of counts until crushino-

depend greatly on the speed of rotation, which is, therefore, kept as exactly

as possible at a normal speed of 85 r. p. m. (a purely conventional value j.

The crushing test is generally used for solid tire and tread compounds. It

does not work well with very soft or very hard compounds. One soft com-
pound, the investigation of which was prompted by scientific interest only,

showed a very noticeable internal heating. The undercured ball (a pure

rubber-sulfur mix) was squeezed so flat at the beginning of the test that

the greater portion of it was squeezed out of the groove. After several

hundred revolutions of the apparatus the sample was cured considerably on

the inside because of the heat, thereby becoming stronger, and had pulled

itself back into the groove again as a consequence of the building up of an

excessive conti*action pressure.

No measurement of the energy expended in such a crushing test has been

reported up to the present time. For this purpose a determination of the

current consumption of the driving motors was made in a few cases at the

iVIaterialprufinigsamt. Such measurements w^ould be sufficient for the pur-

pose if it were certain that the friction losses in the driving devices between

the motor and the testing apparatus were constant. Because of the magni-

tude of the friction portion compared to the total work, slight variations in

the former affect the measurements to an inadmissible degree.

Ill the future it may prove to be desirable to measure regularly the energy

taken up by the balk

A. Schob suggested a change in the Martens ‘Arush’' tester, which to date

has not been made. He proposed that the moment of rotation, resulting

from the motive power of the ball, be measured by separating the running

groove from the base plate and setting it on a ball bearing. The torque could

be determined by means of a spring balance which ivould prevent the grooved

track from rotating.

The bail should be loaded so that it will be crushed in not less than 5,000

nor more than 20,000 rotations of the apparatus. With a greater number of

rotations, the unavoidable abrasion of th^ surface of the ball becomes objec-

tionable, and if such a high compression loading is chosen that only a very

low number of rotations are obtained, the material is excessively stressed.

If the same relation between the size of the loading of the ball and the number
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rotations required for cnishinp^, existed for all com|ionnd?, ilie fact miiM

have little significance. That such is not the case, however, is readilv shnwn

iiy Fi'^ure 179. The data used were obtained with compouiKls whicli were

customary for solid tires over 15 years ago. The modern solid tires rctiiiire

a higher number of rotations. For the early cnmponnd?. as shown in Fignire

179, the proper degree of loading was 50 kg.
;
new 62.5 kg. no longer suffices,

and 75 kg. must be used. For shortened notation it is recommended that

the number of rotations of the apparatus required for the crushing of tlie

ball, be designated as “crushing number/' and that the value for the loading

be mven after the “crushing number,’' separated by a line; as frir instance,

12,300/62.5.

Figure 179—The relation between

"crushing number” and the loading

on the ball, with two diiferent solid

tire stocks. (Carried out in 1914.

.Modern compounds give much
higher values.)
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Figure 180—Appearance of a ball, vulcanized in a

spherical shape, at the conclusion of the crushing test.

Because of accidental circumstances, the method of
^

preparation ot the

test ball has not been made public by the Materialprufungsamt, and so it

happens that, in spite of the fact that the crushing test was introduced years

ago, there still exists some confusion in regard to the preparation of the ball.

A thorough description of the preparation of the balls, as carried outjn the

Materialprufungsamt according to the method of A. Scliob, is therefore in

order.

The idea of curing the sample in ball form is to be rejected. The manner
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Figure 181—Methncl of prep
ing with the cube which was

block with a knif

Figure 182—The different steps in t

preparation, using a knife.

Figure 183—Grinding f

sample to a spherical shaj.

using the side of the erne

Figure 185—Smoothing the

surface of the ball on s

properly shaped emery wheel

Figures 181 to 185—The preparation of balls for the crushing test.
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destruction of the sample during the test {see Fig. 180) clearlv shows the

insufficiency of such a method of preparation. To this is added the fact

that a crushing test alone is not sufficient for judging a rubber mixture;

tension tests should also be run. The compound is therefore cured in blocks,

i^Dx70x40 mm., in a heater, with a 30 minute rise to 292"^ F. and a constant

Tj-oiperature of 292° thereafter. Out of such a block, 10 large normal rings

in an emergency also the same number of small ones; {see p. 540) a!iir4

(30 mm. in diameter) can be produced. This set of samples is iisiiallv

jso sufficient for a series of aging tests. The block is first cut by hand with

2 knife wetted with soapy water. (See the procedure given in the series of

dnstrations shown in Figs. 181 to 185.) Cube-shaped blocks, with edges ap-

roximately 35 mm. in length, are formed. A round lead disc, 32 mm. in

ijiameter, is then placed upon the upper surface of the cube with the left

iiaiid, and by guiding from it, cuts are made on all four edges with the knife,

an eight-edged prism thus resulting (Figs. 181, 182a, b). The edges on the

riids of the prism are then cut off by hand (Fig. 182c j. The sample is next

^oimd on the lateral face of an emery wheel (approximately 150 mm. in

liameter) which is fastened to the shaft of a 1/6 H. P. motor which runs

11 1500 r, p. m. (Fig. 183). The resulting rubber dust is sucked off at the

kde by a ventilator. Upon this wheel the ball is ground down by hand to a

30 mm. diameter, with a deviation of not more than ±0.1 min. The last

^ffinding upon the forming wheel (Fig. 185) takes off only a very small

mount of material and is only done to smooth the surface.

The grinding of the sample on the even lateral surface of the 150 mm.
emery wheel is conducted according to the following steps (Fig. 184) :

(1) Cylinder to a diameter of 30 mm.
(2) Cylinder height to a measured 30 mm.
(3) The third operation may be carried out in two ways, according to the inclination

: the grinder
;
either

(a) In the manner of operation (2) by grinding cylinders around the two other axen,

and leaving the wedges (visible in the second sample of Fig. 184) to be ground oft' la^t, or

(b) By grinding the one-half immediately down to the half sphere (Fig. 184, third

omple) and then following it with the other half.

After the ball is ground with, an exactness of ±0.1 mm. by either one of

these methods it is smoothed on a hollow grindstone, as is shown in Figure

185. The resulting ball is shown in Figure 184 (fourth sample).

The skill in grinding balls is not hard to acquire. According to whether
the compound is easy or hard to grind, a skilled grinder requires 15 to 20
minutes to prepare a ball, including the time for cutting with the knife.

Flexometers
F. D. Abbott [Ind. Eng, Chem., 20 , 853 (1928) ]

has described experiments

involving a test similar to the crushing test in its arrangement and in the

destructive effect of the test on the sample.^^ The breakdown observed in the

rubber cushions upon which automobile springs have recently been fastened,

led to the attempt to imitate the stressings of such a cushion in some mechani-

yi J, j,

Figure 186—The principle of F. D. Abbott's ^
_

method of testing. T
x}

^Translator’s Note. “Blow out” test is the name applied to this test.—V. N. M.



PHYSICAL TESTING METPIODS

Figure 181—Method of prcpa
ing with the cube wliich was

block with a knife.

Figure 182—The different steps in th*

preparation, using a knife.

Figure 183—Grinding the

sample to a spherical shape,

using the side of the emery

Figure 185—Smoothing the

surface of the ball on a

properly shaped emery wheel.

Figures 181 to 185—The preparation of balls for the crushing test.
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of
destruction of the sample during the test {see Fig. 180) clearly shows the

insufficiency of such a method of preparation. To this is added the fact

that a crushing test alone is not sufficient for judging a rubber mixture

;

tension tests should also be run. The compound is therefore cured in blocks,

190.^70x40 mm., in a heater, with a 30 minute rise to 292° F. and a constant

temperature of 292° thereafter. Out of such a block, 10 large normal rings

(in an emergency also the same number of small ones; {see p. 540) and 4
balls (30 mm. in diameter) can be produced. This set of samples is usually

also sufficient for^ a series of aging tests. The block is first cut by hand with

a knife wetted with soapy water. (See the procedure given in the series of

illustrations showm in Figs. 181 to 185.) Cube-shaped blocks, with edges ap-

proximately 35 mm. in length, are formed. A round lead disc, 32 mm. in

femeter, is then placed upon the upper surface of the cube with the left

hand, and by guiding from it, cuts are made on all four edges with the knife,

an eight-edged prism thus resulting (Figs. 181, 182a, b). The edges on the

ends of the prism are then cut off by hand (Fig. 182c). The sample is ne.xt

ground on the lateral face of an emery wheel (approximately 150 mm. in

diameter) which is fastened to the shaft of a 1/6 H. P. motor which runs

at 1500 r. p. m. (Fig. 183). The resulting rubber dust is sucked off at the

side by a ventilator. Upon this wheel the ball is ground down by hand to a

30 mm. diameter, with a deviation of not more than ±0.1 mm. The last

grinding upon the forming wheel (Fig. 185) takes off only a very small

amount of material and is only done to smooth the surface.

The grinding of the sample on the even lateral surface of the 150 mm.
emery wheel is conducted according to the following steps (Fig. 184) :

(1) Cylinder to a diameter of 30 mni.

(2) Cylinder height to a measured 30 mm.
(3) The third operation may be carried out in two ways, according to the inclinatiun

n{ the grinder
;
either

(a) In the manner of operation (2) by grinding cylinders around the two other axes,

and leaving the wedges (visible in the second sample of Fig. 184) to be ground off last, or

(h) By grinding the one-half immediately down to the half sphere (Fig. 184, third

sample) and then following it with the other half.

After the ball is ground with an exactness of ±0.1 mm. by either one of

these methods it is smoothed on a hollow grindstone, as is shown in Figure

185. The resulting ball is shown in Figure 184 (fourth sample).

The skill in grinding balls is not hard to acquire. According to whether
the compound is easy or hard to grind, a skilled grinder requires 15 to 20

minutes to prepare a ball, including the time for cutting with the knife.

FlEXOMETERS

F. D. Abbott [Ind. Eng. Chcm., 20
, 853 (1928)] has described experiments

involving a test similar to the crushing test in its arrangement and in the

destructive effect of the test on the sample.^® The breakdown observed in the

rubber cushions upon which automobile springs have recently been fastened,

led to the attempt to imitate the stressings of such a cushion in some mechani-

i i i i

Figure 186—The principle of F. D. Abbott’s
|

^ • >-

method of testing. f A.-" Rubb 0r

77777777777^/-m.otS^.

Translator’s Note. '‘Blow out” test is the name applied to this test.—V. N, M.
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cal test. The scheme of the mechanical arrangement is seen in Figure 186
The rubher sample is squeezed between two level iron plates, either under con-
stant load or constant compression. The upper plate moves back and forth
while the base plate is held motionless. The maximum stroke of Abbott’s ma-
chine is 10 cm. In the experiments up to the present a stroke of about 1 cm
has been used, with a frequency of 800 strokes per minute. The samples show
a compression set (“static set under compression’’) very quickly. With
longer testing, the appearances of destruction similar to those of the crushino-
test, are obtained; i.e., intense internal heating, destruction inside with
evolution of gas, and finally the bursting of the sample. Abbott has also
carried out experiments with oscillating torsion stressing, and has compared
the results of the new kind of test with the results of the customary test.

Whereas, as is expected and as is found in the case of the crushing test, the
results of individual tests (hardness, compression set after a static compres-
sion stress, tear tests) show no regular correlation with the new test, it o-ives

a relatively good agreement with the hysteresis loss. The original work must
be referred to for the data in detail.

The latest development* in connection with laboratory machines for testing the resist-

ance to fatigue of rubber compounds is the flexometer designed by R. W. Allen and' de-
scribed by L. V. Cooper. [Ind. Eng. Chepu, Anal. Ed., 5 , 350 (1933)] (Sec Figure 186a i.

The operation of the machine consists simply of compressing, under definite load, a block
of rubber between two plates, one of which is stationary, and the other of which travels

in a circular motion of definite magnitude at a rate of oscillation of 800 per minute. Both
the loading and magnitude of ir.c circular motion may be varied widely.

Laboratory test blocks are cured in the shape of a frustum of a rectangular pyramid,
the object of using this shape being to insure that samples can be removed from the molds
without difficulty, regardless of the nature of the stock. Test blocks of cured articles

may be cut into any desired size and shape, provided their height is not more than 2
inches (5.0S cm.) wliich is the maximum distance between plates.

Each of the plates has a center inset of wood, 3 inches (7.62 cm.) in diameter and 0.5

inch (1.27 cm.) thick. The rubber test block is placed between the wooden blocks, which
act as heat insulators and tend to hold the generated heat in the rubber.

The machine is provided with electrical bell-ringing contacts which are adjusted a

definite distance apart. As the test block is deflected under the testing conditions, the

upper contact is carried downward toward the lower contact, since the load, which is a

dead weight, continues to rest on the yielding block. The bell does not ring until the

block has been deformed enough to allow the contacts to close. The duration of the

test, which is measured frum the time the circular motion starts until the bell rings, can

be altered by changing the position of the contact points. If the test is continued suf-

ficiently long, the block will actually “blow out,” or shatter to pieces. In the case of

the flexometer described by Cooper, the oscillation is stopped before blow-out, as it has

been found that the downward movement of the load during operation of the machine
provides a definite criterion of the condition of the center of the test block. Tests have

shown that all blocks of similar composition yield the same distance at the time porosity

begins to develop within them.
Temperature rise or heat generation measurements may be made with this flexometer

by ii-ser'.ir.g and recording the temperature after a certain amount of work
has been done on the block.

The reader is referred to the original article for details in connection with operation

of the flexometer.

Abrasion Tests

Testing methods which are expected to determine the resistance of a ma-

terial to mechanical abrasion or grinding, must overcome numerous difficulties

in all lines of material testing. The greatest of these is the problem of

obtaining a grinding material which works uniformly, since the material it-

self is attacked during the test. The proper selection of the granulation of

* Translator’s note by V. X. M.
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A test based on the old experiments of A. Martens with linoleum, was
first carried out, using the method described below.®^ The sample is ground
off on a grindstone, to the surface of which a constant supply of sand is

applied. The loss of weight of the sample after a definite period of grinding

determines the extent of the abrasion. The sand added during the course of
the test was supposed to maintain a uniform gripping surface on the grind-

^ Martens, A., **Uber Abnutzung durcb Schlei- Seo Mmrri^cr nri'’ Sc^ob, Mitt. Materialprii’
fen,” Mitt. Materialprufungsamf, Berlin^ jy':}.:'.

,

30, 145 (1912).
Dahlem, 4, 3 (1886).
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stone. In spite of all possible care, it has been found to be impossible to

transfer this method to soft rubber testing, and to so modify it that useful
results may be obtained.

A sand blast, which is useful for testing the abrasion resistance of floor-

ing materials (natural paving stones, artificial stones and floorings of all

kinds, terrazzo, wood, linoleum, etc.), was tried next. With this method also

the elastic properties of the rubber prevented the production of sufficient

abrasion in a one*-hour test (a 3-minute test is sufficient with the building

materials mentioned above).

Horizontal porcelain drums, which are filled with nut-size field stones and
rotated on rolls for the purpose of disintegrating building materials, were
also tried for the abrasion testing of soft rubber. Fifty cubes, 6 mm. on an
edge (equal to the slab thickness of the rubber slabs to be compared) were
placed in each drum, with approximately 3 kg. of field stones and 1 kg. of

standard sand as the abrasive material. The loss in weight of the rubber

cubes after a definite length of rotation was to serve as a measure of the

abrasion. Even after a 60-hour test, the loss in weight was so small and the

difference between the tested materials was so slight that no practical method
for testing the resistance of rubber to abrasion could be developed.

These futile tests finally induced a former mechanic in the Materialprii-

fungsamt, W. IMai, to try the method of allowing the rubber sample to rotate

in a loose grinding material. This method then led to useful results.

The testing arrangement, which has the advantage of great simplicity, is

shown in Figure 187. A glass vessel, approximately 80 mm. in diameter and

See Gary, M., “Versuclie mit dem SandstraW-

geblase,” Mitt. Materialpriifungsamt, Berlin-

Dahlem, 19, 211 (1901).
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|C)0 aiiTi. in height, is almost filled with a loose emery of definite particle size.

The rubber sample, in the form of a disk, is fastened to the lower end of a

hardened steel shaft, which is driven .by means of a pulley and which is im-

bedded in the emery. The loss in weight of the sample after a definite number

of
revolutions serves as a measure of the abrasion.

The test results were expected to be influenced by variation in the particle

sizes of the emery used, different heights of the emery layer over and under

the sample,
different widths of the vessel, condition of the walls of the vessel

itself,
different rates of rotation, and the abrading capacity of the emery

itself! A clearer understanding of the magnitude of these influences was

obtained in a series of tests._

Table 18 gives the individual results of such tests with a deflnite emery

particle size, with varying heights of the emery layer above and below the

qmple, as well as with various speeds of rotation.

Table 18 .—Abrasion Experiments in Coarse-grained Loose Emery.

(Each experiment running for 10,000 revolutions.)

Mate-

rial

Height of the

emery layer

Under Over
the the

sample sample

hi cm. Jh cm.

Rev.
per
min.
n

Results of the Experiment

The loss in weight of the sample
after 10,000 revolutions : Ag%

Individual values Average
1 2 3 4 5 values

Remarks

3 ] j
(

2.7 2.6 2.5 2.8 2.7 2.7 The influence

Xa 5 10 125 2.6 2.6 2.8 2.5 2.6 2.6 of the

7 J
1[ 2.9 2.6 .... .... 2.7 J height hi

[ f 0.6 0.6 0.7 0.8 0.6 0.7

Xa 3 \
10 125 1! 2.7 2.6 2.5 2.8 2.7 2.7

1 15 j

1

L 6.3 5.7 6.1 6.6 5.9 6.1 The influence
^ of the

f 3 1 1

f 6.0 6.4 5.9 5.8 5.6 5.9 height Ih

VIIc 3 ^
10 - 125 18.2 18.2 18.5 18.7 18.6 18.4

1 15 J
1

[ 30.7 31.1 29.9 30.2 29.7 30.3

r 70 4.3 4.5 4.8 S.l 4.7 4.7 1

Xa 3 15 ^
125 6.3 5,7 6.1 6.6 5.9 6.1 The influence

[ 220 4.5 4.3 4.9 4.3 5.1 4.6 of the

!

number of

1

r 70 28.5 26.7 28.8 29.5 28.8 28.5 revolutions

VIIc 3 15 1 125 30.7 31.1 29.9 30.2 29.7 30.3 per min.

[ 220 29.0 29.1 30.2 31.0 33.1 30.5 n

From this table it may be concluded

1. The height of the emery layer (h,) under the sample has no influence on the degree

of grinding loss, within the limits chosen. It is suitable to work with at least 3 cm. of

emery under the sample.
^ . . i / ? ^

2. The grinding loss increases with the increase in height of the emery layer (/p)

above the sample. For comparative tests a constant height (/Z2 ) of 15 cm. is satis-

factory.

3. Within the limits tested, the speed of rotation has no significance, Tb^ disagr^-

ment in the values in the series for the material Xa,^ with n= 125, is due perhaps to the

fact that the tests with n = 125 were carried out directly after the arrival of the mate-

rial from the factory, while those with n = 70 and 220 were not carried out until several

weeks after the arrival of the. material. The Material VIIc was_ already oldei% so that

he time difference of several weeks made no difference with this material, while with

material Xa it evidently caused the varying values.
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It was thought that the layers of emery which had nothing to do with the

actual grinding of the sample, could be replaced by an equal weight of other
material (which could be placed on a thin layer of emery and could thus re-

duce the quantity of emery required). However, experiments showed that

other results were then obtained. Nevertheless, it is not necessary to renew
the total amount of the emer^^ every time a replacement is made. The upper
layer, down to that which has actually come in contact with the sample, niav

be removed for subsequent use, provided care is used in the removal.

In regard to the usefulness of the method, the question of the number of

tests for which a single batch of emery is serviceable, without influencing

the degree of grinding loss of a rubber sample, is of considerable interest.

In order to answer this question, experiments (sometimes lasting through

100,000 revolutions) Avith several kinds of rubber compounds were carried

out without renewing the emery. After a definite number of revolutions

(5,000 revolutions as a rule) the loss in weight of the sample was determined.

As a consequence of the stirring effect resulting from the removal and re-

placement of the sample, the most '‘worn out’' emery in the vicinity of the

sample, is distributed evenly throughout the whole mass of emery.

According to the results in Table 19, it appears that the degree of loss on

grinding diminishes with every additional 5,000 revolutions after the first

10,000. This can be due partially to the fact that the exposed surface of the

rul3ber sample is diminishing, Ijecause of the loss on grinding. Therefore,

each sample should be run in the apparatus for only 10,000 revolutions (with-

out weighing at 5,000 revolutions). The sample should then be removed, the

weight of the sample determined, and the emery renewed for the next test.

Table 19.

—

The Influence of the Length of the Test Upon the Abrasive Action

of the Emery.

Loss in weight of the sample after each

Number of

Revolutions
5,000 revolutions Ag in per cent

l^Iaterial X Material Vb Material II

5,000 2.3 2.6 7.1

10,000 2.3 4.1 8.2

15,000 2.0 3.2 7.2

20,000 1.8 2.5 5.3

25,000 1.8 2.2 3.5

30,000 1.7 1.9 2.7

35,000 1.5 1.9

40,000 1.4 2.1

45,000 1.4 1.8

50,000 1.4 1.4

It is best not to take the initial weight of the sample until after it has been

ground for approximately 500 revolutions in order to roughen the surface.

Spent emery is used for this preliminary grinding.

In order to obtain reproducible results, an emery of the same particle size

should alwa3’s be used, for naturally in changing to other sizes different

grinding losses are obtained. The particle size chosen for the experiments

described above, No. 5^ Naxos Union, has proved to be very suitable.

The condition of the inner wall of the vessel has an important influence

upon the test results. Iron vessels give values essentially different from

those of glass vessels. In a new glass vessel, a sufficiently constant roughness

is obtained only after 5 or 6 tests, so that after renewal of the vessel the re-

sults of the first 5 or 6 tests should be rejected.
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The usual sample is the waste disk of the large normal rings {see p. 540)
jjjed for tension tests. These disks are 6 mm. thick and 44.6 mm. in diam-

eter, and are perforated in the center so that they may be used in the Mai
\pparatus. Comparative results cannot be obtained from samples varying

in size. In some cases, small pieces carefully glued together may be used.

The grinding apparatus used by the B. F. Goodrich Company is based

on the same principle as the apparatus built by Mai in 1912. The main dif-

ferences arise from the multiple arrangement of the samples in a vessel, the
attachment of several vessels to a common power source, and the use of iron

vessels.

The advantage of the use of the grinding material in a loose granulated

form is the reproducibility of the test conditions fimm the standpoint of the
gripping properties or the “grinding force.” The disadvantage is that the

Grinding force cannot be expressed numerically.
' The disadvantage just mentioned explains why certain investigators have
turned back again to the principle of the grindstone. In the newer apparatus,

a constant grinding power is maintained for each test by renewing the cover-

ing of emery paper or emery cloth, which is glued to a wood or metal wheel.

Figure 188—The Grasselli

.\l}rasion apparatus (as

viewed from above).

The apparatus of the Grasselli Chemical Co., shown in Fig. 188/‘^ is one

of this t3^pe. The grinding disk is mounted on a hollow shaft which is driven

by an electric motor by means of a worm gear drive. The lever which carries

the two test blocks (mounted diametrically opposite each other) is attached

to an axis which extends through the hollow shaft. A weight which is at-

tached to the shaft and which acts over a pulley presses the samples against

the grinding disk. A spring balance and a variable weight are attached to

the lever which holds the samples, so that the turning moment caused by the

grinding resistance between the sample and the grinding surface may be
measured, thus making it possible to determine the work of grinding. The
more recent apparatus is furnished with a blowing or suction device for the

removal of the rubber dust, so that the grinding properties of the emery
surface can be kept more uniform during a test.

A somewhat different principle, which is (in the opinion of the writer)

decidedly worthy of note, is that utilized in the apparatus of the Akron
Standard Mold Co., shown in Fig. 189.^^ The sample (a round disk)

mounted on a shaft, is driven by an electric motor by means of a worm gear.

The abrasive wheel
"

(Carborundum) is so easily rotated that it is set into

motion when it comes in contact with the revolving sample. It is pressed

®See India Rubber World, 70, 506 (1924). Handbook of the R. T. Vanderbilt Co., New
Handbook of the R. T. Vanderbilt Co., New York, p. 73, 1927-
York, p. 74, 1927,
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against the sample by a weight which is placed on the weighing scale ( shown
at the right) which acts on the abrasive wheel by means of a system of levers.

The axis of rotation of the sample can be set at any angle up to 40° to the

axis of rotation of the abrasive wheel. The slippage taking place when the

axes are set parallel to each other is only that resulting from the pressure

between the sample and the abrasive wheel. When the axes are set at an
angle, an additional slippage occurs. This test method approaches more
closely the conditions prevailing during actual road testing.

Figure 189—The abrasion

apparatus of the Akron
Standard Mold Company.

Another abrasion tester of _the angle-slip or constant-slip type is the one of simple

design used by the B. F. Goodrich Co.* [Tronson, J. L., and Carpenter, A. W., “Abrasion
Tests of Vulcanized Rubber Compounds Using an Angle Abrasion Machine,” Proc, Am.
Soc. Testing Materials, 31 , Part II, 908-922 (1931)]. The sample disk is placed on the

shaft of one motor while the abrasive disk is placed on the shaft of another. The
abrasion test may be conducted with either motor providing the power. The results with

this instrument parallel those obtained in service fairly well.

A comparison of four types of abrasion machines used today has been made by C. A.

Klaman. [Proc, Am. Soc. Testing Materials, 31 , Part II, 936-941 (1931).] He found
that all these machines gave results which agreed with road service satisfactorily in the

case of stocks cured to the optimum, but did not give good correlation with over- or

under-cured stocks.

It is evident from the discussion on abrasion testing [Ibid., 31 , Part II, 942-954 (1931)]
at the Symposium on Rubber of the American Society for Testing Materials in 1931, that

as yet no satisfactory apparatus has been designed which actually duplicates service for

all types of stocks and all degrees of vulcanization. The various factors which influence

the laboratory results were considered from the point of view of the possible causes of

the discrepancies between these results and those obtained in actual service. Some
worth-while developments should result from this discussion.

The reader is also referred to the article by L. J. Lambourn [Trans. Inst. Rubber
hid., 4, 210 (1928)] in w^hich is discussed the controllable “slip” machine of the Dunlop
Rubber Company, the reasons for the development of a machine of this type, and various

results obtained by its use.

Determination of Resistance to Tear (‘"Kerbzahigkeit”)

General Conception

Many materials, especially those which are called brittle, are very sensitive

with respect to surface injuries when they are under tension; that is, the

tension which caused rupture is smaller when nicks or notches are present,

* Translator’s note by E. O. E.



DETERMINATION OF RESISTANCE TO TEAR 601

llian whcii
smooth. This tendency of the materials to tear when

notched or cut is especially noticeable when the tension is applied either in a

jerky manner, or smoothly but as repeated (oscillating) stresses. If a material

has a low sensitivity toward sudden cross-sectional changes (notches) when
under stress, it is designated in German as “kerbzah.”

It has not yet been possible to establish any regular relationships between
this property and the other properties of materials (tensile strength, def-

ormation capacity, elasticity, etc.). Experiments which determine directly

the capacity for resisting the effect of notching or cutting are therefore re-

quired. Unfortunately, the carrying out of such test procedures is generally

very difficult. The test results, which cannot as yet be expressed in terms of

any numerical measure, depend on the material itself as well as on the form
and size of the notch or cut, and on the size of the notched cross section in

relation to a similar unnotched cross section.

Although soft rubber is not generally classified as brittle, it is nevertheless

“notch sensitive,” the sensitivity varying according to the degree of vulcani-

zation and the kind of compound. Overcuring increases this sensitivity.

By subjective testing (scratching on the edges with the finger nail, or tear-

ing a sheet which was previously cut on the edge) the ‘‘Kerbzahigkeit”

(resistance to tear) of soft rubber compounds can be determined fairly well.

The development of objective methods meets with very great difficulties,

especially in regard to the reproducibility of the initial notch or cut, which
should be very exact with soft rubber. The knife, with which the initial cut

is made, must be as sharp as a razor. The radius of curvature of such a cut-

ting edge is not sufficiently exact to be measured. A change of several hun-

dred per cent occurs in the radius of curvature after very short use of the

edge (a fact which has been known for a long time in the case of razors).

To this is added the fact that the initial cut is very seldom located in the

plane of cleavage of the material
;
that is, the usually irregular plane of lowest

resistance to tear, produced principally by the fabrication process. Because

of this, a relatively large force is required at the beginning of the tearing.

The forces afterwards needed to continue the tearing is measurable with but

little accuracy, because the tearing proceeds in jerks (influence of speed) and
the plane of cleavage runs irregularly.

Since, as previously mentioned, only very limited conclusions (often none
at all) regarding resistance to tear can be drawn from other types of physical

tests, and since investigators in neutral scientific laboratories prefer not to

use such sensitive subjective (hand) tests as those mentioned above, earnest

efforts must be made to. use objective tests, even though they cannot be

carried out within the limits of accuracy allowed for other kinds of tests.

One must always remain aware of this degree of inaccuracy. Tearing tough-

ness has, however, a very great importance in the practical usage of soft

rubber, and that is why a few objective tests for the determination of tearing

toughness are briefly discussed below.

Various Test Methods

E. C. Zimmerman uses thin strips of rubber, 3 in. x 9 in. x 0.1 in. for

the determination of resistance to tear. The strips are prepared with a 1/2"
cut in the center (see Fig. 190) and are torn apart between the hooks of a

“Handbook of the R. T. Vanderbilt Co., p. 79, York), 12, 130 (1922).
New York, 1927; also, Rubber Age (New
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tensile-testing machine. A convenient rate of separation of the hooks is

from 2 inches to 6 inches per minute. For comparative tests, a definite speed
must naturally be maintained. From the autographic chart obtained durin<T

the running of the test, the work JV required to tear the sample may be cai-

culated by using the following formula

:

in which
K = the number of inch pounds represented by a square inch of area on the chart,

A = the area in square inches under the curve, representing work,
p = the final value of the force necessary for the tearing,

E = the elongation of the sample in inches (distance between the hooks, minus L),
p z= the length of the tear produced by the machine, and
t = the thickness of the sample strip.

Figure 190—The sample for determining Figure 191—The tearing test sample
resistance to tear used by used by W. Heidensohn.

E. C. Zimmerman.

rv:

Figure 192—The tearing test used by W. Heidensohn.

W. Heidensohn has recently carried out tearing tests on various carbon

black mixtures in the Alaterialpriifungsamt. From the waste disks from

the normal rings {see p. 540) he cut out strips, which were square in cross

section (6x6 mm.), and as long as the diameters of the disks. These strips

were cut lengthwise through the center with a razor, leaving 10 cm. on the

ends uncut. {See Fig. 191.) The ends were fastened in a tensile-testing

machine, as shown in Figure 192. The square cross section was chosen so

that the tearing test could be carried out with the initial cut made either as

shown in Figure 191 or in the direction perpendicular to that shown, without

requiring any allowance to be made for change in the influence of the cross

section.

The advantages of this method lie in the simple procedure required for

preparing and testing the samples, and in the identity of the test materials

with those used for the tensile, elasticity and abrasion tests (also with the

crushing test, if the samples are made out of blocks). One disadvantage,

arising from the short distance which is available for tearing, is that the only

tear resistance which can be measured is the one which occurs at the begin-

ning of the tearing. This initial resistance is doubtless higher than the actual

tear resistance of the material. Nevertheless, Heidensohn found a consider-

able difference in the tear resistances of a great number of compounds, which
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exhibited no such distinct differences when tested by any of the other meth-

ods
(tension, crushing and elasticity tests). The clear differentiations

possible between compounds (agreeing with the subjective [hand] test evalu-

ations which have been used for years), and the agreement of results' obtain-

able in the case of several parallel experiments, make this method of tear

testing appear useful.

A few figures from tests on solid tire compounds containing carbon black

may illustrate this. (See Table ZO .

)

Table 20 .—Several Experiments on Tear Resistance (by Heidensohn).
Permanent set Abrasion
(stretching test) test

Tension test 5' per cent Impact (Mai’s Resist-

Mate- (Tz 5 min. 24 hr. test Crushing method) ance

rial kg./ dz After release TJel number AG to tear

No. sq. cm. per cent of tension per cent (Seep. 591) per cent kg./cm.

1 213 S45 15.2 9.7 48 1,900/62.5 1.0 16

6 171 396 10.2 7.8 55 10,200/62,5 1.2 12

9 144 336 7.6 5.5 57 7,500/62.5 2.0 14

17 227 520 13.0 9.8 49 8,200/62.5 1.4 20

19 237 500 11.2 7.8 50 17,700/62.5 22

24 110 209 .... 39 12,000/62.5 2

25 85 260 49 20,000/62.5 8

27 81 306 6.4 4.3 31 1,100/62.5 4

28 107 383 7.2 5.2 39 2,100/62.5 3

Of all the materials tested (all of them are not given here), No. 19 had the

greatest and No. 24 had the least resistance to tear. No. 24 had the lowest

value for the ratio between tear resistance and tensile strength while No. 9

had the highest value.

D. D. Wright tried to determine the tensile strength and the tear resist-

ance with a single sample, by means of a peculiar method. He puts two
slits, 2/3 of the length, in the tensile sample (a strip 127 mm. long and 36 mm.
wide). The upper uncut end is placed with the entire width in the upper
damp of a tensile machine, while the tongue-shaped center portion of the

lower end of the sample is placed in the bottom clamp. When the sample is

thus stretched, the loose encls of the sample turn out at an angle. The writer

doubts that sufficiently clear results can be obtained by this method.

A modification of Wright’s method has come into practice in several laboratories.*

This consists of putting the tongue-shaped portion in one clamp and the two loose margins
in the other clamp and pulling until a complete separation occurs. This method is

definitely a tear test and not a modified tensile test.

A tear test variously known as the Winklemann tear test, the crescent tear test, and
popularly as the peanut test has been used for a number of years by the B. F. Goodrich
Company. [See Carpenter, A. W., and Sargisson, Z. E., “Study of_ a Test for Tear
Resistance of Vulcanized Rubber Compounds,” Proc. Am. Soc. Testing Materials, 31,
Part II, 897-907 (1931).] The method consists in subjecting a crescent-shaped test

sample to such a tension as to produce tearing. Five slits are inade in the inner curved
prface of each specimen. The load required to separate the specimen is used in calculat-

ing the resistance to tear. The actual tearing is always^ along the grain under the condi-
tions of the test. Thus the tearing force is that which is required to separate the fibrous

structures of the rubber rather than that necessary to break the fibers themselves. The re-

sistance to tear of a given compound as measured by this ^test appears to be related to

the tensile strength, the modulus and the resistance to abrasion of the compound.
G. Lefcaditisf and F. H. Cotton [Trans. Inst. Rubber Ind., 8 , 364 (1932)] have re-

cently published a discussion of all previously-developed methods for testing resistance to

^^Kautschuk, 5, 52 (1929); Ind. Eng. Chem., * Translator’s note by E. O. E.
Anal. Ed., 1, 17 (1929). t Translator’s note by V. N. M.
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tear, and have shown a diagrammatic comparison of the various types of test pieces em-
ployed in these tests. These investigators have also described their own method, which
requires a test piece taken from the inner disc of a 6 mm. Schopper ring. The piece is

cut by means of a standard dumb-bell die. The resulting test piece is slit

along the middle to a distance of 4 mm. from the end. The two wings of the test piece
are attached to the clamps of a Scott tester and the remaining 4 mm. is torn. The mean
of the initial and the final dial readings is taken as the “tearing load,” which is calculated
in kg. per cm. thickness of the test piece.

The Aging of Vulcanized Rubber

^Manifestations of and Probable Reasons for Natural
Aging—Aging Investigations

All soft rubber goods have only a limited life; they age and gradually

deteriorate, becoming hard and brittle. Oxidation of the rubber hydrocarbon
has long been recognized as the reason for this phenomenon. Soft rul)])er,

like raw rubber, is chemically highly unsaturated ; this makes it possible for

oxygen to add at the double bonds not yet saturated with sulfur. The cor-

rectness of considering aging as an oxidation process is shown by the fact

that vulcanized rubber can be kept almost indefinitely if air and light are

excluded. E. Kindscher showed that the formation, found in the middle

German brown coal (lignite) deposits and called “Monkey hair” by the

miners, contained dried latex particles from the rubber plants which had
been involved in the coal formation. This rubber had become more or less

vulcanized by the sulfur compounds formed during the decay, i.e., car-

bonization of the plants, and had so well withstood the extraordinarily long

period of aging that the soft rubber-like vulcanizate, after removal of the

resin, was still remarkably extensible and elastic.

Granted that the oxygen of the air certainly plays an important part in

the aging of soft rubber goods, the situation is nevertheless not so simple as

it might appear at first sight. Rubber goods of quite different stability can

be obtained from the same rubber mixing, depending upon the conditions

of preparation. The vulcanization relationships are, as practical experience

has shown, of outstanding significance.

The first systematic investigation along these lines was by Stevens.®^ He
used a mixing which consisted of 90 parts of pale crepe and 10 parts of sul-

fur. Test pieces of this composition were vulcanized for different lengths

of time at 134.5® C. and after a definite period of storage in the dark at room
temperature were investigated for physical properties. The results are given

in Table 21.

According to this work, the tendency to age appears to be, in high degree,

dependent upon the size of the coefficient of vulcanization. The product

vulcanized for 4}^ hours had a vulcanization coefficient of 5.0, and when
freshly cured, had the highest tensile strength. During storage, however,

this fell off in a very disastrous manner and, after an aging period of 311

days, had become next to nothing. On the other hand, the test piece vul-

canized for 3 hours with a coefficient of 3.2, had at the start a considerably

lower tensile strength than the sample vulcanized for the longer period of

time, but after aging for 311 days it had improved appreciably and surpassed

* Written by E. Kindscher. IBraunkohle, 27, 1130 (1928)] these were a
^ Ber,^ S7, 1152 (1924). species of Ficus.
8^ According to investigations of K. A. Jurasky 8®/. Soc. Chem. Jnd., 35, 872 (1916).
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irrams/sq. nim.

Elongation

at break

1 ABLE 21.—-Agmg Experiments of Stevens.
Aging Time of Vulcanization (hours')
(days) 2 2V2 3 31/2 4 4%

4 900 1230 1510 1690 2010 2480
125 950 1550 1610 1930 1760 1760
203 1010 1500 1630 1740 1480 490
311 920 1400 1640 1480 1330 170
4 1151 1098 1078 1013 987 953

125 1016 1017 991 952 897 851
203 1042 1032 1004 936 858 611
311 1035 1009 993 894 822 372

4 110 136 162 170 199 236
125 93 153 159 183 158 150
203 105 155 163 163 127 130
311 95 141 163 132 109 6

— 2.0 2.6 3.2 4.1 4.5 5.0

Tensile product 125 93 153 159 183 158 150
203 105 155 163 163 127 130
311 95 141 163 132 109 6

Coefficient of

vulcanization — 2.0 2.6 3.2 4.1 4.5 5.0

in this respect the strength of all the other samples. The same thing was
true, though to a lesser extent, of the sample cured for 2j4 hours. With
respect to the improvement in mechanical properties, it behaved as if it had
undergone ''after-vulcanization,'' concerning the nature of which mention has

already been made in another connection (p. 282). This may lead to an
improvement, as is well known, but it may also lead to a reduction in nie-

dianical properties. This must be taken into consideration in the phenomenon
of the aging of rubber products.

Stevens carried out these aging experiments not only with crepe, but also

with smoked sheets. Since the observations made on the latter are similar

in general to those already described, there is no need of repeating them.
Later Stevens extended his investigations to include the influence of tem-
perature on the aging of rubber products, and it was shown that the deprecia-

tion at 28° C. was distinctly more pronounced than at 11.5° C. Furthermore,
it was clearly shown that the course of the aging can be followed much
better by the tensile strength curve than by the vulcanization coefficient, since

the latter does not change to so great an extent as the mechanical properties.

This was especially apparent from experiments with different kinds of rub-
ber. Thus the chemical processes of "after-vulcanization" not only play a

part in aging, but changes also take place which involve the physical state

of the rubber, i. e., its degree of aggregation. When Stevens continued these

aging experiments with different kinds of rubber up to a period of two
years, and every ten weeks determined the vulcanization coefficients, the

elongation, and the strength, he found that the tensile strength of all the

samples with a coefficient appreciably above three increased during the first few
weeks, but then very rapidly decreased. On the contrary vulcanizates with
from 2.8 to 3.4 per cent of combined sulfur, showed increasing strength for
nearly one year, and the tensile curve then fell off only gradually. The ten-

dency for "after-vulcanization" and for aging thus depends on the degree of

vulcanization of the rubber. The higher the original vulcanization coefficient,

the greater the average increase in combined sulfur. For example, during a
certain aging period, the increases amounted to the following:

Average coefficients Increase

2.53 0.02% sulfur

3.43 0.10% sulfur

4.55 0.25% sulfur

5.69 0.51% sulfur
”7. Soc. Chem. Ind., 37, 280T (1918).
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Later Stevens proved that the aging of rubber goods is also dependent
upon the humidity of the surrounding atmosphere. After six months stand-
ing in air which was saturated with moisture, no deterioration could be ob-
served even at tropical temperatures. This result coincides with the findings

which were made earlier at the Materialpriifungsamt in Berlin-Dahlem,
while “'after-vulcanization'' was being studied {see p. 282). The aging of
rubber products is dependent upon the climatic conditions. Consequently
these products keep well even at tropical temperatures, provided the atmos-
phere has a sufficient moisture content.

DeVries and Hellendoorn obtained results similar to those of Stevens
on aging rubber mixes which contained 92.5 per cent of rubber and 7.5 per
cent of sulfur. With one sample, which ivas cured for 90 minutes at 148° C.,

the tensile strength, even after aging for 2^2 years at the tropical tempera-
ture of 27° C., was higher than shortly after completion of the vulcanization.

On the other hand, the strength of a sample, vulcanized for 125 minutes at

the same temperature, depreciated in the same period from 130 kg./cm.^ to

90 kg./cm.^. DeVries also came to the conclusion that the coefficient of

vulcanization is not the only deciding factor in the aging of rubber products,

for it had not risen to the extent that was to be expected from the changes

in mechanical properties. In this connection, Geer and Evans had already

expressed the view that, besides the increase in vulcanization coefficient, a

chemical action of the oxygen of the air is also responsible for the phenome-
non of ‘'after-vulcanization" and aging. This view is corroborated by the

observations of Spence {see p. 283), whose results have already been ex-

tensively discussed in other connections. He has shown that with samples

which tend to age poorly, there is, in the first place, a decided increase in

the acetone-soluble constituents, in addition to the increase in combined sul-

fur. It was Stevens,'^® however, who obtained direct proof that the oxygen
of the air takes part in the phenomenon of aging of vulcanized rubber. He
found that the weight increases on storing in the air and that the increase

is ascribable to oxygen absorption by the rubber. He further confirmed the

long-known fact that vulcanized rubber, which has been extracted with

acetone, ages or increases in weight more rapidly than unextracted rubber.

The resins thus protect against oxidation. He also established the fact that

volatile sulfur compounds are formed during aging. The latter observation

was corroborated by investigations of Eaton and Day,*^® which they under-

took in order to ascertain the changes in chemical composition of vulcanizates

during aging. They started with a mixture consisting of 90 parts of rubber

and 10 parts of sulfur. Samples of this composition were vulcanized for

different lengths of time and aged, in one case, in the form of thin sheets
;
in

another case, in a finely ground condition. The ground material was in one

case spread out on a wmtch-glass, and in another case placed in a test tube.

Samples which had been vulcanized for nine hours showed, after nine

months aging in air in the finely divided condition on the watch glass, a

%veight increase of 25 per cent; in the test tube an increase of 39.4 per cent.

It thus appeared that volatile compounds were formed on aging, which on

the watch glass, i.e., open to the air, could more readily volatilize than in the

test tube experiment. The w^eight increase was observable also in the sample

vulcanized for only three hours, while the increase in the sample cured for

.S'£»C. Ckem. Bid., 39, 2S1T (1920). India Rubber World, SS, 127 (1916).
India Rubber J., 61, 87 (1921). chem. Ind., 38, 192T (1919).
India Rubber J., S3, 101 (1917). Ckem. Ind., 38, 339T (1919).
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114 hours, which had approximately the optimum degree of vulcanization,

6 per cent on the watch-glass and in the test tube, surprisingly, only 3.6

per cent. The formation of volatile products thus appears to be involved

particularly in over-vulcanized samples. When Eaton and Day investigated

the aged samples more closely, they found that the oxidized material con-

sisted largely of acidic, water-soluble compounds. The sample which had
been vulcanized for nine hours yielded, for example, 23.4 per cent of water-

soluble substances, which contained 0.45 per cent of sulfur.'^'^ The acidity

of this water-soluble portion calculated as sulfuric acid was 2.68 per cent.

According to this observation, the sulfur is also involved in the aging. This

is not surprising, for it is known that hard rubber on standing in the air and
light becomes covered with a film of sulfuric acid. In the case of soft rubber,

the sulfuric acid formed may then cause further damage. Spence had
already made mention of the fact that even small amounts of sulfuric acid

harden vulcanized rubber extraordinarily quickly if the rubber is not specially

protected by adding materials wdiich repel water or neutralize the acid. He
also found that traces of sulfuric acid had a disaggregating effect on the rub-

ber hydrocarbon, especially in the case of crude rubber. That disaggregated

rubber is especially susceptible to oxidation is well known. In this connection,

the experiments of F. Kirchhof should also ])e mentioned. According to

these, the sulfuric acid perhaps changes the substances present in the rubber

which protect it against oxidation, so that they lose their protective influence.

The role of oxygen as the active agent in the aging of rubber has been

very clearly shown by Marzetti.®^ Experiments conducted at 75° C. proved

that aging is a physical process which takes place in an atmosphere of oxygen,

but not in carbon dioxide. Even though the vulcanizate takes up only 1 per

cent of oxygen, this amount is sufficient to affect the physical properties very

definitely and to cause the material to deteriorate rapidly. The aging also

proved to be dependent upon the quality of the crude rubber and the kind of

ingredients which it contained.

The extensive studies by F. Kirchhof on the oxidation of the rubber

hydrocarbon over a period of years, call for discussion. As early as 1913, he

drew the following conclusions from investigations which he had carried

out on acetone-extracted soft laibber vulcanizates, in a current of air at 95° C.

:

1. Oxidation is dependent upon the degree of vulcanization. Under-vulcanized samples
oxidize more slowly and over-vulcanized samples more rapidly than those that have been
normally vulcanized

2. At elevated temperatures, the oxidation takes place with the simultaneous splitting

off of water, so that the resulting increase in weight of the samples consists of the dif-

ference between the total amount of oxygen taken up and that split off as water.^ This
cleavage of water involves the sulfuric acid, formed as a result of the partial oxidation

of the combined sulfur. The acid has a dehydrating action, especially at higher tem-
peratures, on the oxidation products of the rubber.

3. With respect to physical and chemical behavior, the oxidation products of rubber
may be classified into the three following groups

:

(a) acetone-soluble materials of yellowish to reddish-brown color, empyreumatic-
aromatic odor and strongly acidic character,

(b) materials soluble in alcoholic-potash, of similar behavior, but of weaker acidic

cliaracter.

(c) dark brown, amorphous substances, insoluble in all organic solvents.*

^Calculated on the original rubber sample.
iKMd-Z., 4, 70 (1909).
iKautschuk, 3, 239 (1927).

Oiorn. chim. ind. appHcataf 5, 122-24 (1923)
Miirch

^^KauUchuk, 3, 256 (1927).

^^Kolloid-Z., 13, 49 (1913).

* Translator’s Note. According to J. W.
Temple, S, M. Cadwell and M. W. Mead, Jr.
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The sulfur, chemically combined during vulcanization, goes, for the most
part, into the oxidation products, where it appears to be present chiefly in

the soluble portions in the form of sulfo-acids or similar compounds. Part
of the sulfur volatilizes as SO2 or SO3.

Later Kirchhof established the interesting fact that the acetone- and
alkali-soluble oxidation products of vulcanized rubber are identical with the

analogous products which are formed (along with cyclorubber) by the action

of concentrated sulfuric acid on crude rubber solutions. Recently,®^ he also

performed experiments with different types of vulcanizates. Samples of

known composition, after being tested for mechanical properties, were sub-

jected, in the form of very thin sheets, to oxidation at 70° C. in thermostats.

Some of the experiments were conducted in oxygen and some in a current

of air, on samples that had been acetone-extracted as well as on samples in

their original state. The rubber mixings used had the following compositions

:

Mixture N Per cent

Ceylon Crepe 97.0

Sulfur 1.2

Zinc oxide 0.6

Accelerators 1.2

100.0

Mixture B Percent

Para 90.0
Sulfur 8.0

Magnesia 0.4

Softener 1.6

100.0

Mixture A contains equal amounts of two undivulged organic accelerators.

Since decidedly less sulfur need be added to a mixture containing such

substances, than to one in which they are absent, no ‘'after-vulcanization/’

or only a minimum of ''after-vulcanization,’' can occur. Real danger of

premature deterioration of the vulcanizate is thus largely avoided. The
favorable influence of accelerators had already been pointed out by K. Gottlob

and F. Hofmann,®^ as well as by P. Schidrowitz and J. R. Burnand and

by D. Spence.®"

Kirchhof vulcanized the above mixture in sheets 5 mm. thick for 15, 30,

60, and 90 minutes at 143° C. in a press. The mechanical properties of the

vulcanizates were determined after they had stood for 48 hours (cross-

sectional area of the ring 0.25 cm.^ diameter 25 mm.). {See Table 22.)

A vulcanization period of 30 minutes produced the optimum properties

in the case of the low-sulfur crepe mixture, while the optimum in the case of

the high-sulfur Para mixture was found to be at about 100 to 110 minutes

\lnd. Eng. Chem., Anal Ed., 2, 377 (1930)].
the early stages of the oxidation of vulcanized
rubber are accompanied by the formation of
levtilinic aldehyde or other compounds de-

tectable by the pyrrole test with pine splints

and hydrochloric acid. This test fails, how-
ever, after oxidation has progressed to the
point where physical deterioration sets in. B.
Dogadkin and W. Balandina {Kauischuh, 9,
146-S (1933)1 have found that the aqueous
extracts of pale crepe or smoked sheets which
have been exposed to ultra-violet light or
milled for a short time on cold rolls, reduce
alkaline gold chloride solutions with the for-

mation of colloidal gold. The reducing power
of the extract begins to decrease, and its

specific conductivity begins to increase, after
about 30 minutes of either treatment.

—

C. S. D.
* KoUoid-Z., 30, 176 (1922).

^Kantschuk, 3, 256 (1927).
^ K. Gottlob, ^^Technologie der Kautschukwaren,”
2nd ed., p. 176, Vieweg u. Sohn, Braun-

schweig, 1925.
5*0(7. Chem. Ind., 40, 269T (1921).

^ India Rubber World, 57, 281 (1918).
* Translator’s Note. The appearance of several

recent papers [L. B. Cox and C. R. Park,

Ind. Eng. Chem., 20, 1088 (1928); R. P.

Dinsmore and W. W. Vogt, Trans. Inst,

Rubber Ind., 4 , 85 (1928); W. C. Davey,

ibid., 4 , 493 (1929); 5, 386 (1930); 6, 203

(1930); G. Martin and R. Thiollet, Rev. pen.

caoutchouc, (8) 75, 133-6 (1931)] has indi-

cated a revival of interest in this subject. In

this connection, N. A. Shepard and J. N.

Street [Ind. Eng. Chem., 24 , 574 (1932)]

have found definite tendencies toward better

aging of vulcanizates when relatively low tem-

peratures were used in curing.—C. S. D.
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Table 22.-~E.vpcnments on the hifincnce of Vulcanisation Time (Kirchhof),

Cure
Coefficient

of
Tensile
strength

Elongation at
break. Orig.

Evaluation *

Figure
Mixture (min.) vulcanization kg./cm.^ length = 100% (cm.^)

A 15 —

,

75.6 1270 22.8
30 1,6 64.4 1310 25
60 — 49.8 1386 21

B 15 1.7 26.6 1360 12
30 2.4 44 1334 23
60 3.8 72.4 1330 30
90 4.9 97.6 1260 35.3

* These values have been obtained by means of a plammeter, and refer therefore only to a cross-
section of 0.5 cm-, rranslator s Note. Probably the area under the stress-strain curve.—N. A. S.

of cure. As already stated, samples of these vulcanizates, after extraction,

were subjected to oxidation in a stream of pure dry oxygen at 70^ C. From
the oxidation chamber the gas was passed through two calcium chloride

U-tubes and then through a tube containing soda-lime. The results of the

experiments with the 15-minute cure of Mixture A and the 90-minute cure

of Mixture B are given in Table 23.

Table 23 .—Oxidation Experiments on Vulcanised Rubber {Kirchhof)

.

Increase in^ weight
Period of Of the samples Of the calcium Of the soda-lime
oxidation chloride tubes tubes

Mixture (hours) grams per cent grams per cent grams per ce

A 15 46 0.007 0.35 0.0 — — —
92 0.052 2.7 0.025 1.28 0.010 —
155 0.209 10.7 0.050 2.6 0.024 —
203 0.340 17.4 0.100 5.0 0.033 —
225 0.358 18.3 0.120 6.0 0.043 2.2

272 0.371 19.2 0.153 7.65 — —

.

B90 (1) 44 0.210 11.0 0.070 3.7 — —
92 0.277 14.5 0.130 6.8 0.027 1.4

140 0.292 15.25 0.200 10.4 0.044 2.3

188 0.302 15.8 0.230 12.1 0.052 2.7

These again show the well-known dependence of the speed of oxidation

on the degree of vulcanization. Mixture A, vulcanized to a low state of

cure, can take up oxygen only after an induction period of about 48 hours

(disaggregation), which then continues linearly for a period of about 200
hours, attaining a maximum value. The oxidation of Mixture B proceeds

in an entirely different manner. It sets in immediately after the start of the

experiment and reaches a point beyond which there is only a small increase

in weight, in about half the time required in the case of Mixture A.^ The
maximum amount of oxygen absorbed was about 3 per cent lower in the

case of the high-sulfur Mixture B than in the case of Mixture A. This appears

to be in accord with the view that in vulcanization the double bonds in the

rubber become saturated with sulfur. However, this difference in the maxi-
mum oxygen absorption appears to be dependent upon too many factors to

permit of drawing broad conclusions.
In an experiment conducted by Kirchhof in a more dilute stream of

oxygen, the oxygen absorption of the different vulcanizates of Mixture B
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reached a peak at a figure about half the value calculated on the basis of its

rubber content, as Table 24 shows.

Table 24 .—Experiments by Kirchhof on the Oxygen Absorption of Vulcanised Rubber.

Period of

oxidation Weight increase of the extracted samples (per cent)

(hours) B 15 B30 B60 B90
48 1.2 1.68 3.2 5.4

96 5.6 6.20 9.6 9.7

116 8.0 8.70 10.3 10.2

164 10.5 11.10 10.7 11.2

212 10.6 12.1 12.3 11.8

This phenomenon, already observed earlier by Kirchhof, is certainly at-

tributable to the splitting off of water which simultaneously takes place at

the higher temperature through the condensing action of the sulfuric acid

formed by the oxidation of the sulfur. At the same time a cyclization {see

p. 189) of the rubber might also take place through the action of the sulfuric

acid, which brings about a reduction in the number of double bonds. Such
cyclization appears to be involved, according to the view of Kirchhof, in all

such cases, where, as the result of the formation of relatively large amounts
of sulfuric acid, the vulcanizates harden and become brittle without a notice-

able increase in weight. Polycyclo-rubber is an amorphous, white powder,
which has no similarity to rubber. Thus the sulfur has marked significance

not only in the vulcanization itself but also from the standpoint of the later

fate of the vulcanizate. It itself is oxidized and is transformed partially into

volatile compounds. Part of it goes into the acetone-soluble and part into

the acetone-insoluble, amorphous portions of the rubber in a more or less

oxidized condition. It is probabl}^ for this reason that more highly vulcan-

ized samples always show a greater increase in weight than samples in a

lower state of vulcanization. This susceptibility of the combined sulfur to

attack by oxygen, is manifest in the increasing tendency towards oxidation

with increasing coefficient of vulcanization. This readily explains the favor-

able effect of organic accelerators.

In oxidation experiments which Kirchhof carried out with the same vul-

canizates in a stream of air at 70° C-, he obtained the results in Table 25.*

Table 25 .—Oxidation Experiments in a Stream of Air at 70° C. (Kirchhof).

Period of
oxidation
(hours)

Weight increase of the
samples in per cent of
extractable substances

A-15 A-30 A-60

Appearance
of the

oxidized
substances

96 3.9 4.2

192 6,9 7.2

336 11.9 13.3

352 17.2 18.0

Acetone
extr. (%) 34.0 35.1

4.7 Bright yellow
7.9 Dark yellow

13.9 Brownish
color

19.0 Dark brown

35.3

Translator’s Note. In an examination o£ the
rate and extent of oxygen-absorption by vul-
canized rubbers, G. T. Kohman [J. Phys,
Chem., 33, 226-43 (1929); Rubber Chem.
Tech., 2, 390 (1929)3 has traced the paral-
lelism between physical deterioration and the
absorption of oxygen and of ozonized oxygen.
I. Williams and A. M. Neal ilnd. Eng,

Chem., 22, 874 (1930)] have found that the

concentration of oxygen dissolved in vulcan-

ized rubber in contact with air at 70" C. or

in contact with oxygen itself at 29" C. at

atmospheric pressure is less than that re-

quired for uniform oxidation at the maximum
rate.

—

Q. S. D.
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The acetone extract shows a linear relationship with the increase in weig'ht,

and likewise shows the dependence of the latter on the degree of vulcani-
zation.* The oxidation of rubber is thus similar to the vulcanization of rub-
ber, for the increase in weight during oxidation at a given temperature is

dependent to a large extent upon the concentration of the oxygen. In a
stream of air at 70 C., the behavior is similar to that in an unaccelerated
vulcanization with 8 to 10 pei cent of sulfur, while the oxidation in a stream
of oxygen is comparable in rate to that in the vulcanization of a mixture of

high sulfur content. Again, the principal relationships which hold in vul-

canization in the presence of organic accelerators are comparable to those
encountered in oxidation in ultra-violet light. On the basis of these experi-

ments, Kirchhof has come to the conclusion that the velocity of oxidation in

a current of oxygen (from about the hundredth hour on) is approximately
double that in a stream of air (at 70"" C. in both cases), while the oxidation

in ultra-violet light at 40^ to 50^ C. in air is about three times as great as in

the same medium in the dark in the Geer oven {see p. 618).

The influence of ultra-violet light on the aging of vulcanized rubber was
investigated by Takayi Yamazaki.^® In this case it was compared with the

action of sunlight. Again it was shown that the amount of the vulcanizate

solul)le in acetone increased both in the sunlight and in ultra-violet light! in

the presence of air and of oxygen, while this was not the case in an atmos-
phere of carbon dioxide. At the same time, the free sulfur content of the

samples dropped. “After-vulcanization’’ also set in, which, according to

Helbronner and Bernstein,®^ was to be expected. These investigators brought

about the vulcanization of rubber-sulfur cements at room temperature under

the influence of ultra-violet rays. In the experiments of Yamazaki, the

intensity of the changes in the samples during the same periods was de-

pendent on the degree of vulcanization of the samples, and on the kind of

rubber, as well as on the conditions under which the vulcanizates were in-

vestigated. Acetone-extracted mixes aged more rapidly than samples which

were not extracted. In vulcanizates containing the same kind of rubber, the

velocity of oxidation increased with the content of combined sulfur and, in

the case of Para rubber, was approximately four times as great in the ex-

tracted condition as in the unextracted. The oxidation took place about three

times as fast in the vulcanizate containing Ceylon crepe as in that contain-

ing Para. In the case of the crepe, however, the difference in weight in-

crease between the extracted and unextracted samples was only about half

as great as in the case of the Para rubber. In Kirchhof ’s opinion, this is

chiefly attributable to the different translucency of these types of rubber,

which is a function of their respective colors. In experiments which he

undertook with sheets of unvulcanized Ceylon crepe and smoked sheets of

Translator’s Note. In an examination of the

crease in weight and increase
^
in acetone-

extractable content during oxidation has been
shown to be less simple than is indicated here,

according to more recent work [A. van Ros-
sem and P. Dekker, Kautschuk, 5, 13-21

(1929); W. C. Davey, Trans. Inst. Rubber
Ind., 4, 493-8 (1929); T. Yamazaki and K.
Okuyama, J. Soc. Chem. Ind., Japan, SuppL,
32, 368-70B (1929); 33, 68-72B (1930),

Rubber Chem. Tech., 3, 378 (1930)].

—

C. S. D.
Soc. Chem. Ind. Japan, Suppl.

(1926); 30, 209B (1927).

t Translator’s Note. B. B. Evans {Trans. Inst.

Rubber Ind., S, 442-9 (1930)] found that

ultra-violet light did not simulate .=:unlight in

its effect on the checking of bent
—C. S. D.

^ Caoutchouc <5* gutta-percha, 12, 8720 (1915).
Kautschuk, 3, 239 (1927).
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the same thickness, he found that the originally large difference in the trails-

lucency appeared to be lessened after three days radiation with ultra-violet

light, since the crepe had become more opaque as the result of the formation
of yellow oxidation products. Thus rubber itself produces among its oxida-
tion products a material which protects it against light, and which pro-
gressively retards the further action of the light and thus of the oxygen.
Kirchhof makes further mention of the fact that the differences in the velocity

of oxidation in ultra-violet light, between extracted and unextracted vul-

canizates containing the same kind of rubber and vulcanized in the same
manner, appear also to be connected with the way in which the sulfur is

linked. Thus it had already been recognized that photographs can be taken

in ultra-violet light of pieces of unvulcanized, but not of vulcanized rubber,

since the latter, i.e., vulcanized rubber, completely absorbs ultra-violet light.

Then H, Green found that pure carbon disulfide transmits ultra-violet light

of 2750A, but that this is no longer the case when sulfur is dissolved in this

liquid. He used this phenomenon in studying the vulcanization of latex,

since in this way it can be determined whether the sulfur is in solution or in

chemical combination. Kirchhof thinks that because of the opacity of vul-

canized rubber to ultra-violet light, he is correct in concluding that the lesser

tendency of unextracted vulcanized rubber to oxidation in light is due partly

to the strong absorptiveness, especially for light of short wave length, of the

free (colloidal) sulfur still present.* This gives an explanation for the view
held by practical rubber men, that moderately bloomed rubber goods in

general age better than those w^hich do not bloom. The microscopically thin

layer of sulfur forms a distinct protection against light for the rubber surface

below it, but this certainly cannot permanently prevent the deterioration of the

vulcanizate.t

With respect to the chemical aspects of photo-oxidation, Kirchhof points

out the formation of peculiar smelling, partly water-soluble, oxidation prod-

ucts, which are attributable to the primary formation of peroxides or ozo-

nides. The characteristic difference between oxidation in a stream of oxygen

in ultra-violet light and in the dark consists in the immediate beginning of

the oxidation in the first case, in contrast to the occurrence of an induction

period in the dark, when samples of the same degree of vulcanization are

used. Since there is practically no splitting off of water in the case of oxida-

tion in ultra-violet light at 40° to 45° C., Kirchhof was able to show that the

weight increase in irradiated vulcanizates comes to a standstill much sooner

than would be calculated for the formation of CsHgO. According to his

views, this can only be explained through rearrangement or cyclization, in

which some double bonds in the rubber disappear. He also observed that

only about half of the oxidation products had become acetone-soluble. Ac-

cording to him, this observation likewise supports the view that the rubber

hydrocarbon has changed to a large extent into insoluble polymers (rear-

hid. Eng. Chem., 17, 802 (1925).
* Translator’s Note. More recently, F- Xirch-

hof ICaoutchouc & gutta-percha, 26, 14,501-3

(1929)] has described the use of photographic
observations with ultra-violet light in deter-
mining the penetration of oxygen. A change
in physical structure during aging has been
followed by another optical method in the
work of B. L. Johnson and F. K. Cameron
[Ind. Eng. Chem., 25, 1151 (1933)]. They
have determined, by means of x-rays, the

elongation required to cause “fibering” in

strips of vulcanized rubber. The minimum
elongation is increased by aging. Surprising-
ly, it is not affected by the antioxidant phenyl-

beta-naphthylamine.—C. S. D.
t Translator’s Note. However, T. Yamazaki
and K. Okumura [7. Soc. Chem. Ind., Japan,

Suppl., 35, 265-6B (1932); Rubber Chem.
Tech., 5, 655 (1932)] found no correlation

between free sulfur and the deterioration of

stocks vulcanized in the presence of diphenyl-

guanidine or diorthotolylguanidine.—C. S. D.



AGING or VULCANIZED RUBBER 613

rangenient products oi cycloriibbers) or their insoluble oxidation products.
Thus, as the result of the simultaneous rearrangement of part of the rubber
hydrocarbon into less unsaturated isomers, less oxygen is taken up in oxida-
tion in ultra-violet light than in oxidation in the dark. Thus rubber protects
itself almost automatically from further oxidation by changing, first at the
surface, into an isomeric body which makes the further penetration of light

and oxygen difficult.^’^

Besides the phenomena of deterioration of rubber goods already described,

which lead to a hard and brittle condition, cases are sometimes observed with
weakly vulcanized, and especially with cold vulcanized rubber, in which a

softening takes place prior to hardening and becoming brittle. This is very
similar to the development of stickiness or ‘^tackiness” in raw rubber (see p.

148 and the following pages). According to D. Spence,^- this is attributable

to disaggregation of the rubber brought about partly by heat and partly by
traces of sulfuric acid, the rubber in this condition being especially susceptible

to oxidation, ihe true cause of this condition, which frequently occurs only a

short time after the vulcanization of rubber products, is the catalytic action

of small amounts of the salts of the heavy metals present in the rubber mix.
This was recognized over 40 years ago by W. Thomson and F. Lewis.®^

They sprinkled thin sheets of cold vulcanized rubber with metal filings and
heated them for 10 days at 60^ C. Copper was found to be especially dele-

terious. Further experiments show'ed that copper salts, vanadium chloride,

silver nitrate, and manganic oxide (MnoOs) also bring about complete dis-

integration, and that the action of metals appears to be especially powerful
in mixings containing oils. Later C. O. Weber called attention to the

harmful effect of small amounts of copper present in textile fabrics used in

the manufacture of rubberized goods. He also proved that with the same
content of copper in the fabric, the damage is considerably greater in cold

vulcanized than in hot vulcanized rubberizing. Weber attributed this dif-

ference to the formation in cold vulcanized goods of cupric chloride, which
is known to have a powerful action as an oxygen carrier. On the other hand,

copper sulfide formed during hot vulcanization is in itself harmless and only

does harm if it is converted by oxidation into copper sulfate, which acts as

an oxygen carrier. Kirchhof supplemented this finding of Weber by show-
ing that as little as 0.1 per cent of copper in the fabric will cause definite

damage t (sec Fig. 19v3).

The observations of Thomson and Lewis on the destructive effect of

manganese oxides on rubber was later confirmed by L. E. Weber, as well as

* Translator’s Note. This conclusion is sup-

ported by the work of H. A. Depew [Ind.
Eng. Chem., 24, 992 (1932)] who noted the
diminisliini^ rate of deterioration of thick
layers with advancing periods of aging. On
the other hand, it has been found [R. T. Van-
derbilt Co., Vanderbilt Nezus, 2, No. 4, 20-4

(1932); Chem. Abstracts, 26, 5451 (1932)]
that the rate of deterioration in the oxygen
bomb or in the Geer oven is practically indi-

pendent of thickness. Moreover, E. P. W.
Kearsley IRubber Age (M. Y.), 27, 649
(1930)] from experiments on the ^testing of

vulcanized rubber in contact with ozone,
pointed out that oxidation is a secondary ef-

fect in the action «of light.—C. S. D.
^Kolloid^Z., 4, 70 (1909).
^ Chem. Nezvs, 64, 169 (1891); Gummi-Ztg., 5,
No. 8, p. 7 (1891); 6, No. 5, p. 2 (1891); J.

Soc. Chem. Ind., 10, 712 (189lL Mem. Man-
chester Lit. Phil. Soc., (4), 4, 266 (1891)

(original reference).
Soc. Dyers & Colorists, (5) 16, 98 (1900);

7. Soc. Chem. Ind., 19, 546 (1900).
9^Kautschuk, 3, 256 (1927).
t Translator’s Note. F. Kirchhof IKaufschuk,
8 , 6-8 (1932)] has also reported on the com-
bined effect of sulfur and copper upon some
inner tubes. These tubes, which were so

vulcanized that one bloomed while the other
remained free from bloom (by overcuring),
were both marked with bronze paint. After
six years the non-blooming tube was deeply
cracked. It was found to contain 0.21 per
cent of CuS04, while the blooming tube, which
was not cracked, and which contained three
times the concentration of total copper as did

the other, was found to have but 0.03 per
cent of CuS04. However, the higher state

of cure, in the case of the non-blooming
sample, undoubtedly influenced the results.

—

C. S. D.
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by Bruni and Pelizzola.**® The latter authors found that 1 per cent of col-

loidal manganese dioxide decomposed rubber within a few weeks. F. Frank
was the first to call attention to the bad influence of organic ferric salts and
inorganic ferrous compounds. According to Kirchhof,®* the rapid aging of

rubber mixings containing fendc oxide, as compared with those containing

antimony pentasulfide, is attributable to the presence of organic or inorganic

iron salts.*

Figure 193— Influence of

copper on the aging of vul-

canized rubber.

The points on the curves

represent the inception of

significant decomposition.

A. Hot-vulcanized rubber-

ized fabric (Para rubber

and sulfur).

B. Cold-vulcanized rubber-

ized fabric (Para rub-

ber).

The investigations of H. Rimpel and M. Levin on the effect of rosin

in rubber mixes, give definite information concerning the role played by the

rubber resins in the deleterious action of metals. These resins, according to

the more recent information, consist partly of free fatty acids. As is well

known, rosin itself acts as an oxygen carrier; this property is appreciably

intensified if the abietic acid has the opportunity of uniting with metals such,

for example, as lead, copper, and manganese, to form resinates. These resin-

ates, the so-called '‘siccatives” or “drying” agents, are very well known to

be exceptionally powerful oxygen carriers. H. Rimpel was able to show,

however, that the deleterious effect does not necessarily take place, for rubber

mixings containing 15 to 25 per cent of rosin showed no trace of deterioration

after 290 hours aging at 70° C. According to W. Esch,^®^ rubber mixes

containing rosin age satisfactorily provided well dried material is used in

making them. Rosin containing moisture has a bad effect. In dry rosin, the

^ India Ruhher J., 62 , 101 (1921). Chem., 24 , 320-3 (1932)] has demonstrated

Di. Lnft.-Ztg.f 52 (1912); Gummi-Zig., 26 , the deleterious effect of an iron oxide p^-
801 (1912); J. Soc. Chem. Ind., 31 , 348 ment which contains ferric sulfate.—C. S. D.

(1912). ^Kautschuk, 2, 95 (1926).
3, 256 (1927). India Rubber World, 75 , 83 (1926).

* Translator’s Note. J. W. Ayers lind. Eng. Gummi~Ztg., 40, 2697 (1926).
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abictic 3.cid is in the foini of its ctnhydride^ while the product which is not
well dried, contains the free acid, which can form siccatives. Moreover, it

is now known that basic substances like lead oxide, for example, can cause
the decomposition of the glycerides of fatty acids. In such cases lead soaps
are formed, which are likewise known to be powerful oxygen carriers. The
fact, mentioned above, that certain metals or their compounds are especially

active in mixtures containing oils, can be similarly explained.*
Comprehensive studies on the deleterious action of heavy metal compounds

on fabrics rubberized with pure Para, and on mixtures which contain white
and brown factice, were undertaken by F. Kirchhof.^^- These led to the
following results

:

1. Whether the heavy metal is in a soluble or insoluble form, and whether it is

present alone or in combination with other heavy metals, must be known.
2. The heavy metals differ in their action on rubberized products. The products

become sticky in the presence of ferric, chromic, and lead acetates, stannic chlo>
ride, zinc sulfite, copper and ferrous sulfates. They become brittle in the pres-
ence of stannates, ferric chloride, rosin, and the resinates of manganese and lead.

3. The action of these heavy metal compounds may be placed in approximately the
following order of decreasing intensity:

(a) In the presence of water-soluble metallic compounds:
(1) Copper salts with ferric salts.

(2) Copper sulfate.

(3) Ferric salts with sodium stannate.

(4) Stannous chloride.

(5) Copper-iron cyanide (Hatchett brown).
(6) Zinc bisulfite (Dekrolin).

(7) Ferric acetate.

(8) Sodium stannate.

(9) Chromic acetate.

(10)

Chromic bisulfite.

(b) In the absence of water-soluble metallic compounds (hydroxides, basic
salts), but in the presence of white factice:

(1) Basic ferric compounds.

(2) Copper.

(3) Tin.

(4) Manganese.
(5) Lead compounds, rosin, basic zinc compounds.

According to Kirchhof’s views, these compounds form chlorides with traces

of hydrochloric acid which are split off, and these have a depolymerizing action

or act as oxygen carriers. In the case of rosin, this action is produced by the

rosin acids.

4. Lead and zinc chromates, as a result of their difficult solubility, have little or no
action.

5. The following have a very powerful and destructive action in ultra-violet light,

producing tackiness

:

(a) Stannous chloride.

(b) Manganese compounds in the presence of rosin.

(c) Ferric chloride.

On the other hand, sodium stannate, sodium stannate with chromic acetate,

potassium dichromate, and lead chromate have a definite protective action. Accord-
ing to Kirchhof, this is attributable to the action of these compounds in disturb-

ing or preventing the formation of ozone, as has been shown by I. Williams
in the case of copper sulfate.

The metal compounds used in the experiments may be partly in the form
of mordants in the fabric and remain there, partly absorbed.

Translator’s Note. Litharge,
^
for which a

protective action against aging has been
claimed, has been found actually^ to increase
the rate of oxidation of vulcanized rubber,
while decreasing slightly its rate of physical

deterioration [C. Dufraisse and N. Drisch,

Rev. gen. caoutchouc, (8) 77, 5-6 (1931);
Rulher Chem. Tech,, 5, 301 (1932)].—
C. S. D.

3> 256 (1927).

Eng. Chem., IS, Z67 (1926).
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F. Kirchhof attempted to explain the action of metal compounds in the

: oliowing manner

:

(a) Water-soluble heavy metal compounds (chlorides, sulfates, sulfites, and
acetates) act chiefly through the formation of metallic soaps of the resin
acids of the rubber, whereby traces of free, strong acids are formed,
which are known to have a depolymerizing (disaggregating) effect on
cold vulcanized rubber, producing tackiness.

(b) Water-insoluble metallic compounds (oxides, hydroxides, and sulfides)

may be transformed, on the one hand, by the acidic part of the rubber
resins (organic fatty acids) into easily

_

soluble compounds, and, on the
other hand, by traces of hydrochloric acid split off from cold vulcanized
rubber or by sulfuric acid fornied by oxidation, into water-soluble sub-
stances, which then may act as indicated under (a).

Then the oxygen-carrier effect of the metallic soaps formed comes into

play, which is entirely analogous to the drying action in varnishes, and which
leads to the hardening and embrittling of rubberized products.

In the same piece of work, F. Kirchhof also points out the rapid aging

which is often observed in the case of gas black mixes, and explains it as

being due to the fact that oxygen, condensed on the surface of the ])lack, as

the result of adsorption, comes into intimate contact with the rubber (be-

I
cause of the large surfaces of contact of the black and rubber). This results

fin a correspondingly rapid, even if quantitatively small, oxidation, which,

however, leads to relatively large physical changes.

Summing up, it may be said that the aging of rubber products consists

primarily in an oxidation of the vulcanized rubber. It is only natural that

with this knowledge endeavors were made to avoid this undesirable phe-

nomenon as far as possible. Much was accomplished in this direction by the

discovery of organic accelerators through the application of which it was
possible to work with much less total sulfur- in the rubber mixes than for-

merly. In this way, on the one hand, the danger of over-vulcanization and
after-vulcanization w^as removed, both of which promote oxidation, and, on

the other hand, the disaggregating action of heat on the rubber was substan-

tially reduced. This action of heat likewise increases the tendency of rubber

to oxidize. In this respect, rubber products manufactured with organic ac-

celerators are very greatly improved. In addition, it was found that certain

organic compounds had an inhibiting effect on oxidation of synthetic rubber

(c/. p. 316). Non-volatile bases of the aromatic and heterocyclic series with

two amino groups, or one amino and one hydroxyl group, proved most valu-

able. As a result of this observation, compounds like aldol-a^/>Aa-naphthyl-

amine, for example, which offered considerable protection against aging

when added to the rubber mix, vrere later discovered.

Thus paraminophenol* ha§ been cited as of particular value in offsetting the effect of

cuprous iodide in normally cured stocks [J, M. Bierer and C. C. Davis, Trans, Inst.

Rubber Ind., 3, 151-84 (1927)]. Secondary amines have also been recommended in tliis

connection [P. C. Jones and D. Craig, hid. Eng. Chem., 23, 23-5 (1931)] while F.

Kirchhof {Kautschuk, 6, 119-20 (1930) ; 7, 7-12 (1931) ; 9, 70-2 (1933) ;
Rubber Chem.

Tech.j 4, 239 (1931) ; 6, 391 (1933)] has examined the direct action of cupric and
other metallic salts as well as of light, on various antioxidants. C. Dufraisse and N.
Drisch [Rev. gen. caoutchouc, (S) 71, 9-24; 75, 39-54 (1931)] have examined the ef-

fect of both positive and negative catalysts of autoxidation upon vulcanized rubber.
Hevea rubber is known to contain natural antioxidants, characterized as sterols and

phytosterols [Bruson, Sebrell and Vogt, Ind. Eng. Chew., 19, 1187 (1927) ; {see also

p, 165); H. F. Bendy, Ber., 66, 1611 (1933)]. These materials, as valuable as they

* Translator’s note by C. S. D.
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are in prcseiving ciude rubbei, retain little of their power after vulcanization. It has
been necessary, as indicated above, to manufacture synthetic chemicals to take their

place. The nurnber of organic antioxidants now known is high. Surveys of this field

have been made by Naunton [W. J. S. Naunton, Trans. Inst. Rubber hid., 5, 317 (1930)],
F, Jacobs [Caoutchouc & gutta-percha. 30 , 16548 (1933)] and others, among whom are
W.L. Semon, A. W. Sloap and D. Craig [Ind. Eng. Chem., 22, 1001 (1930)] who have
compared surface application of antioxidants vs. mill incorporation in rubber. A repre-
sentative list of the better known compounds used extensively for preserving vulcanized
rubber include the following:

Amino- or hydroxy-compounds.
Para-hydroxydiphenyl (Parazone)
Hydroquinone
Para-aminophenol

p, />'-Diaminodiphenylmethane (Resistox)

2.4-

Meta-toluylene diamine.

Secondary amines.

Diphenylamine
0- and ^-Ditolylamines (Age-Rite Gel)
Phenyl-alpha-naphthylamine (Neozone A)
Phenyl-beta-naphthylamine (Age-Rite Powder, Ncozone D)
Phenyl-beta-naphthylnitrosamine,
Symmetrical di-beta-naphthyl-para-phenylenediamine (Age-Rite White)
Symmetrical diphenyldiamino-ethane (Stabilite)

2.4-

Diaminodiphenylamine ( Oxynone)

Condensation products of amines with carbonyl compounds, e. g.,

of aniline with acetaldehyde (V. G. B.)

of alpha-naphthylamine with aldol (Age-Rite Resin)
of aniline with acetone (Flectol-A)
of diphenylamine with acetone (B. L. E.)

In Kirchhof’s opinion, the action of such protective agents, which are

designated as antioxidants or preservatives, is probably attributable, on the

one hand, to the fact that they are reducing agents and, on the other hand, to

the fact that they form, through their own oxidation, dyestuffs which protect

the rubber against light and air.*

Artificial Aging and the Usual Procedures for Conducting It

Obviously endeavors were very early made to ascertain, in the shortest

possible time, through some method or other of testing, whether an object

made of soft vulcanized rubber would have a sufficiently long life. Experi-

ence had taught that the good properties of a mix, determined a short time

after vulcanization, are no guarantee that these good properties will persist

over a period of years. Since no, or at the most only highly approximate,

indications concerning the stability of a type of sofj; rubber towards aging

could be obtained from the composition of the mixing, methods have been

worked out for effecting an artificial aging in a short length of time, with the

expectation that such an artificial aging would reflect, proportionally short-

ened, the natural aging process.

'^^Kmtschuk, 3, 239 (1927).
* Translator’s Note. Charles Dufraisse iRev.
gen. caoutchouc, (9), 85, 4-10; 86, 3-21

(1932); Rubber Chem. Tech., 6, 157, 566
(1933)] and F. Kirchhof IKautschuk, 9,^88,
106, 124 (1933)] have recently summarized
the work in this field in support of their
theory that the deterioration of vulcanized
rubber is an autoxidation process. According
to Dufraisse, rubber preservatives, for which

he prefers the term “antioxygens” to the for-

merly used term “antioxidants,” serve as

anti-catalysts for autoxidation. However, H.
S. Taylor [Proc. Am. Soc. Testing Materials,

32 , II, 1-34 (1932); Rubber Chem. Tech., e,

211 (1933)], in discussing the deterioration

and oxygen absorption of rubber refers simply

to catalysts of acceleration, e. g., copper, and
catalysts of retardation, e. g., amines.

—

C. S. D.
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'

Rubber has been subjected to the many factors responsible for natural

aging, such as oxygen, light, and heat, in some cases separately, and in others

combined, and with intensities which are many-fold the natural intensities.

It was hoped that there would be a conversion factor applicable to all differ-

ent kinds of rubber products, which would permit of predicting the natural

aging from the changes brought about by artificial aging, such, for example,

as one day of artificial aging equalling one month of natural aging.

As soon as a new method of artificial aging appeared, which in the majority

of cases consisted of a combination and variation of the three factors men-
tioned above (occasionally also with the application of the electrical dis-

charge), very definite conversion factors \vere usually laid down. However,
when a larger number of mixes were investigated, there was more con-

servatism. Aside from this fundamentally incorrect assumption concern-

ing artificial aging, quite often very elementary errors were made. It was,
for example, asserted that the action of the mercury vapor light was similar

to that of sunlight, only augmented. The action of the rays of short wave-
length was thus decidedly overestimated.

The investigations of F. P. Jecusco on the action of light, have been
especially illuminating. Jecusco let filtered sunlight act for 24 hours on a

vulcanized rubber-sulfur mixture containing 10 per cent of sulfur. In order

to exclude the influence of heat, he kept the temperature of the test pieces

below 32° C, by means of a ventilator. Jecusco separated the different rays

into three groups; those which in 24 hours raised the tensile strength (infra-

red, red, yellow, and ultra-violet No. 8),^®'^ a second group (green No. 4 and
No. 7, violet, and ultra-violet No. 13), which leave the tensile strength un-

altered, and a third group (the entire visible spectrum, as well as the extreme
red and blue) which reduce the tensile strength. Similar investigations have
also been carried out by Takeyi Yamazaki.^*^^

In view of the fact that conclusions concerning the course of natural aging

can be drawn from the results of an artificial aging only in the case of mixes
that have already been tested, and then only with considerable uncertainty,

it seems advisable to make the procedure for artificial aging as simple as pos-

sible, even though natural aging conditions might be approached somewhat
more closely through the use of a more complicated method.

In their own investigations, the authors have chiefly used dry heat, in their

earlier work at 85° C, and later at 70° C As a rule, an aging period of 7

days was employed, but, where necessary, even longer periods of time were
used. More recently, a stream of oxygen was circulated around the test

pieces.

In a similar manner, W. W. Evans and W. C, Geer have conducted

artificial aging experiments on soft rubber samples. They hang a number of

samples, already cut into test strips 3/32'^ thick, in an oven at 160° F. (71°

C). In order to increase the amount of oxidation, the air in the oven is

continuously replenished and circulated through a ventilator. The longest

period of exposure in the oven was 14 days, but after about 3 days, some of

the samples were taken out, in order to obtain an aging curve. The testing

of the samples was conducted 24 hours after removal from the oven.
In tbe field of paints, tlie organic corapo- radioscopic glass filters.

nents of whicli likewise tend to age rapidly, J. Soc. Chem. Ind., Japan, 30, 209B (1927);
artificial aging methods have also, again and 31, 65B, 66>67B, 273B (1928); 32, 367-368B
again, been set up and called ‘*short or quick (1929).
tests.*’ Cf. A. Schob, Farben.~Zig., 31, 2608 Proc. Am. Soc. Testing Materials, 22, Part
(1926). II, S48 (1922): Chem. Abstracts, 16, 4364

^^Ind. Eng. Chem., 18, 420 (1926). (1922).
These numbers refer to Cambosco spectro- India Rubber World, 64, 887 (1921).
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A closer approach to the conditions in natural aging was attempted by
M. Bierer and C. C. Davis through the use of heat and oxygen at high

pressure. They hoped to be able to reproduce in a few hours the aged con-
dition that would result after years of natural aging. The samples to be
artificially aged are placed in a bomb, which is heated to 60*^ C. and supplied
with oxygen at a pressure of 20 atmospheres. Precautionary measures must
be taken to prevent explosion which might occur because of too violent
oxidation.

Even if these procedures for conducting artificial aging, which have just

been mentioned, have the advantage of affecting the samples almost equallv
throughout their thickness, which is not the case in a procedure which utilizes

light as the chief factor, it is obvious that, in leaving out so important a factor

as light, this artificial aging must differ considerably from natural aging.

An artificial aging which includes the simultaneous action of both heat and
the light of a mercury vapor light is applied for testing insulating tape.^^^

Since in many cases, time does not permit of letting natural aging run its

course in order to determine the aging quality of a product, procedures for

conducting an artificial aging have to be resorted to. It must be kept in mind,
however, that in an appreciable percentage of the cases, the results run ex-

actly opposite to those obtained in natural aging and that in the really com-
parable cases—and what is comparable and what is not, can unfortunately be

known only when the results of natural aging are available—the results only

roughly parallel those of natural aging.

The physical testing methods, by means of w'hich the effects of aging

(either natural or artificial) are determined, are the same as are used in

testing the un-aged materials. In America, a simple flexing test is employed
for determining the influence of different temperatures on the tendency of

rubber and gutta-percha mixings to crack (a brittleness test).^^^ This, in a

certain sense, may also be called an aging test. Experience has shown that

soft rubber under mechanical load (especially under strain) ages much faster

than in an unstressed condition. This should be taken into consideration in

carrying out investigations on natural and artificial aging.*

Special Tests

Testing of Soft Rubber Articles in Their

Manufactured Form

General

The tests for determining the properties of soft rubber goods which have
been described thus far give little or no consideration to the form or manner
of application of the finished product. The greater the advance of knowledge
of materials and of testing, the less dependent will methods of testing be on
the form and size of a finished article. It often happens, however, that the

Eng, Chem., 16, 711 (1924).
Krahl, Kautschuk, 3, 180 (1927).

G. T. Kohman and R. L. Peek, Ind. Eng.
Chern,, 20, 81 (1928).

* Translator's Note. A. B. Kelly, B. S. Taylor
and W. N. Jones Und. Eng. Chem., 20, 296-
8 (1928)] as well as A. A. Somerville, J. M.
Ball and W. H. Cope {ibid., 21, 1183 (1929)]
have shown that stretched rubber deteriorates
more rapidly in the Geer oven than does un-

stretched rubber. The cracking of vulcan-
ized rubber in ozone or in sunlight occurs
only when the rubber is in a stretched condi-

tion, according to F. H. Haushalter, W. N.
Jones and J. W. Schade iibid., 20, 300-2

(1928)1, r.Mic/.T.crh O. Merz IKautsclmk, 8,

73-9 (j9,j2); Chem. Tech., 6, 33

(1933)'] has reported cracking of certain un-
stretched rubber goods upon exposure to sun-

light.~C. S. D.
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effect of design, or of the combination of several materials in the product, is

not made sufficiently clear by an exact knowledge of the properties of the
materials (determined on geometrically simple test samples) to permit pre-
diction of whether an article is properly designed or of where the weak places
are to be found. It is therefore necessary to test some products in the fin-

ished state. Such tests involve both the material and design, and conse-
quently are similar to an equation with two unknowns. (See p. 515.)

A decision must be made as to whether a single stress to the breaking point
or repeated stressing will correspond (perhaps in an intensified form) to the

conditions of service of a product which is being tested in its finished form.
An example of the first type is the stressing of railroad brake hose to the

breaking point, using water or air pressure. Running an automobile tire on
an indoor test machine is an example of the second type of tests. Such ma-
chines for testing tires mounted on wheels have been built according to

various designs. They have been more or less unsatisfactory in their re-

production of the practical operating conditions of the tires. On the other

hand, they have at least the advantage of reproducibility of testing condi-

tions, which in actual practice can never be kept constant.

In the following sections only a few of the most common tests for finished

Sfoods will be discussed.

Rubberized Fabric

Adhesion Tests. Adhesion tests might have been considered among
the tests run on materials, since a geometrically simple sample is taken and
the test shows the mutual effect of two different materials, somewhat as in

the abrasion test. Since the adhesion between fabric and rubber is deter-

mined on the finished article for the most part, this test is considered at this

point.

Since rubber is often used to unite two or more layers of fabric, the de-

termination of the degree of adhesion between the fabric and rubber is a

matter of importance. For this test, the upper layer of a sample of uniform
width is separated from the lower layer to such an extent that the ends of

both layers can be held in clamps, as shown in Figure 194. (The upper
layer is often a rubber cover with no fabric.) The determination of the

resistance to separation may be made by clamping the sample in a tensile

testing machine and noting the load as the tearing is continued. The speed

with which the tearing is continued must be held constant because the re-

sistance to further separation (measured in kg. per cm. of width) depends
greatly upon this speed. Another method is to measure the speed with which
further separation occurs upon application of a certain constant weight.

The thickness of the sample is that of the material tested ; width and length

are optional within wide limits. The widths most used are 2 to 3 cm. When
the force for separation is measured, the length chosen is such as to obtain

a sufficiently accurate average value of the force. When the speed of separa-

tion is measured, the length selected is that sufficient to give an accurate

result for the greatest speed of separation.

The authors prefer the test in which the load necessary to cause further

separation is determined, using one or more constant speeds. For such tests the

United States Bureau of Standards uses the simple apparatus pictured in

A simple direct test on tire use is performed passing over a measured distance of level con-

with so-called electric cars, which use a pre-
^standards. Circ. No. 38, 5th ed., p. 66

determined amount of electrical energy in (1927).
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Figure 195. T. he foicc rcQuiied foi separation is automatically recorded. The
upper clamp, which is attached to an exchangeable spring (covered by a tube in

the illustration) ,
recoids the elongation of the spring as the ordinate on the

drum which is revolved by means of a connection with the driving mechanism
of the machine. Any other testing machine of suitable size, equipped with

a recording device, may be used for this purpose. If a Schopper machine is

used, the ratchet on the load indicator must be disengaged, just as in the
hysteresis tests.

Figure 194— (Left)—Sample for ad-

hesion lest.

Figure 195— (Right)—Apparatus of the

Bureau of Standards for determining

adhesion (with automatic device for in-

dicating force).

Certain curves obtained by the second method of

test (dte'mination of the speed of separation, using

different loads) in the Bureau of Standards are re-

produced in Figure 196.

Figure 196—Relation between the speed of separation

and the load in adhesion tests.

(Bureau of Standards.)
(Courtesy of

Bureau of Standards)
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Adhesion tests are run on automobile tires, tubes having fabric reinforce-

ment, balloon fabrics, etc. The method of testing insulating tape given in

the specifications of the Verband Deutscher Elektrotechniker embodies the

same principles. This latter method (as shown schematically in Fig. 197)
deviates a little from that described above. The cylinder has a diameter of

25 mm. The insulating tape which is to be tested for adhesion is previously

cut into a length of 500 mm. and is uniformly wound on the cylinder under a

tension of 2 kg. per cm. of width.

The minimum allowance for adhesion tests is often simplified by specifying

a certain -weight which shall cause no further separation.

Figure 197— (Left)—Method of testing the adhesion of in-

sulating tape.

(According to the specifications of the Verband Deutscher

Elektrotechniker.

)

1 ^

T\=.

^r/c

Figure 198—Bursting test for balloon fabrics (or other

rubberized cloth).

Testing Balloon Fabrics and Thin Rubber Sheets. The strength of

balloon fabrics is determined by tension tests made on strips taken in the

direction of the threads of the individual layers of fabric, or by bursting tests

conducted on circular samples according to the diagram in Figure 198.

In determining the strength of the fabric from the bursting test, the as-

sumption is made that the circular sample, which has been fastened as in

Figure 198, bulges out like a flattened dome. The strength of the fabric Sp

is calculated from the formula

c
p(r + AT

Ah

in which

p is the bursting pressure in atmospheres,

r is the radius in cm. of the free portion of the sample,

h is the height of the curvature of the sample at the bursting point.

If an exact flattened dome were actually formed, the calculated strength

would be independent of the size of the tested surface of the sample. How-
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ever,
investigatioiivS by Memmler and Schob have shown that the calcu-

lated strength decreases somewhat with the increasing diameter of the sample.

The authors attribute this to probable local swellings or biilgiiigs which
develop more easily in large surfaces than in small ones. INIeasurements

which were made later by Rudeloff/^'^ using only one diameter for the

samples, showed a regular deviation from the exact spherical form. These
results also explain the generally eccentric position of the break in the burst-

ing test.

The determination of the permeability to gases is also very important with

balloon fabrics. Although the volumetric determination of permeability re-

quires only a short time, the results satisfactorily indicate the resistance to

diffusion of air.

Figure 199—Diagram of WurtzePs apparatus for the determination of the permeability

of balloon fabrics to gases.

(The relay between the regulating manometer and escapement has been left out

of the diagram.)

The apparatus of Wurtzel for testing permeability is a suitable instru-

ment which operates on a volumetric principle and gives results in a very

short time. A sketch of this apparatus is shown in Figure 199. The hy-

drogen passing through the circular sample of balloon fabric is measured

voliimetrically, and the volume is automatically recorded. The sample,

which has an area of 200 sq. cm., is fastened at the top of the instrument.

Mitt. Materialprilfungsamt, JBerlin-Dahlem, 38, 126 (1920).
r a r'

30, 202 (1912). Manufactured by the firm of Richard Oraden-

Mitt. Materialpriifungsamt, Berlin-DahlefHt witz, Berlin.
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The space under the sample terminates in a calibrated glass tube open at the
bottom. This space is shut off from the outside air by a container filled with
mercury. This container is supported by three thin steel bands. These bands
are attached to a ring (shown as twm individual weights in Fig. 199) which
has a greater weight than has the container with the mercury and which con-
sequently more than counterbalances the container, thus causing the latter
to be pulled up. It can only rise, however, if the escapement aAhe bottom
(to which it is connected by means of a steel band) is set into operation bv
the attached electromagnet. The electromagnet of the escapement receives
a current through a relay which was omitted from the diagram. A regulatinc^
manometer, which is connected with the chamber under the sample, operates
the circuit through the relay. The space under the sample is filled’ with hy-
drogen at a pressure of 20 mm. of water. The manometer consists of a very
sensitive barometric membrane and a contact lever. Should the pressure
of the hydrogen fall a little because of the loss of gas through the sample
the electrical circuit is closed and the container filled with mercury is raised
an amount corresponding to the volume of gas lost.

, The original pressure
is thereby reestablished. The upward movement of the container is auto-
matically recorded on the drum, which is uniformly revolved by clock works
Although the test requires 20 minutes, only the middle portion of the graph
(covering a period of ten minutes) is used. Since the time required for the
test is very short, it is possible to avoid the influence of temperature, which
is most troublesome in making volumetric determinations. Errors ’due to
the opposing diffusion of air are also avoided.

that which has been used by Morris and
Street [/«d. Eng. Chem. 21 , 1215 (1929) ;

also see Morris, ibid., 23, 837 (1931)] in
Permeability of rubber to air.* (See p. 513.) Although their

P® .® designed primarily for use with thin rubber sheets or sections cut from
^tqmobile inner_ tubes, it should also be suitable for measurements on balloon fabrics.

^PP^ratus IS shown by diagram in Figure 199a and by photograph in Figure 199b
(part outside wooden case does not appear in photograph).

* Translator’s note by V* N. M*
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The method of measurement with this equipment is essentially a manometric one. Air,

under pressure, in one chamber is allowed to permeate into another chamber through the

rubber slab being tested. A. manometer sealed to the slab allows the change in pressure

to be followed. The two air chambers, set in rather heavy iron castings, are indicated

bv U and W. A screw clamping arrangement permits the two chambers to be drawn
together as tightly as desired on the rubber slab, RR\ The latter is also held in posi-

tion at its ends by clamps (Fig. 199b) whose distance apart is adjustable. It is thus

possible to stretch the rubber in one direction to the extent of about 40 per cent. A
^assure gage, registering from 0 to 100 pounds per square inch (0 to 7.03 kg. per

cm.), is designated by P. The brass tube, D, from the chamber B is sealed with wax
at£^to the glass manometer system, h. As^ the changes in pressure during any experi-

ment are very small, it is possible to use mineral oil as a manometer fluid. The lower

Figure 199b—^Assembled apparatus for measuring permeability.

(Firestone permeameter.)

surface of the manometer fluid is not ordinarily open to the air, but is connected to a

chamber, F, which has a capacity of about 1,000 cc. By means of this system it is_ pos-

sible to adjust the pressure on the manometer fluid at the beginning of an experiment

and maintain it practically constant throughout, regardless of the fluctuations of the

barometric pressure of the atmosphere. When testing samples of high permeability,

however, it is often more desirable to open the stopcock, Z, and expose the lower surface

of the fluid to barometric pressure. In order to avoid any difficulty from^ leaking stop-

cocks, the system is closed by the mercury seal at G prior to the beginning of

determination. The drying tube, .S’, contains soda lime. A wooden case, within which

it is possible to maintain a fairly constant temperature by means of heating umts, a fan,

and a suitable thermostatic device, is indicated by LMNO. The front of the case is

provided with glass windows, arm holes, and rubber sleeves, so that it is possible to

manipulate the apparatus without disturbing the temperature control.
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The method of E. Heyn for the determination of permeability to gases

is very accurate, but the manipulation is more difficult. The arrange-

nient of apparatus is shown in Figure 200. The test depends on the

burning of hydrogen which diffuses through the sample, using palladium
supported on asbestos as the catalyst. The water obtained is then weighed.

A disk of the sample is tightly fastened between two funnel-shaped glass

vessels. Hydrogen is passed into one vessel and completely dried air is

slowly pulled through the funnel-shaped vessel on the other side of the

sample. The hydrogen passing through the sample is carried along with

the stream of air and is burned to water in a suitable apparatus with the aid

of the palladium catalyst. The water is absorbed in absorption tubes and
weighed.

The gas interferometer of Haber-Lowe has been successfully used

for this purpose. This optical method depends on the differences in the re-

fractive indices of different gases. An interferometer was employed by
Edwards and Pickering in their extensive studies on the permeability of

balloon fabrics at tlie United States Bureau of Standards.

A somewhat similar apparatus is that used by Daynes {Proc. Roy, Soc, {London),
97A, 273, 286 (1920) ] and coworkers in England during the World War.* In their

permeameter the actual measurement made is that of the electrical resistance of a

platinum wire. This resistance increases with an increase in tcrriocratv.re brought about

by the surface combustion of the hydrogen which has passed *.i-" :!ic rubber sample.

Railroad Brake Hose and Steam Hose

The Deutsche Reichsbahn-C lesellschaft has prescril)ecl various tests tor the

inspection of railroad brake and steam hose. A tension test is made on the

hose as a whole along the axis. The minimum load which brake hose must
withstand is 1,000 kg. For steam hose the requirement is but half as great.

Kinking tests are made on brake hose. Wooden handles are shoved into

the ends of the hose to simplify bending the sample. The hose is bent into

the shape of a horseshoe until there is a space of 150 mm. between the ends.

There shall be no kinking nor shall the resistance to bending be greater than

13 kg.

Another test is that of swinging while internal pressure is applied. The
hose is given a to and fro motion of 120 oscillations per minute over a

distance of 120 mm. while internal pressure is applied. The arrangement is

such that the hose is simultaneously compressed (in the lengthwise direction)

35 mm. at the mean point of its swing, as shown in Figure 201. Brake hose

carries a pressure of 7 atmospheres for 10 hours, and steam hose carries a

steam pressure of 7 atmospheres for 20 hours, during this test.

119

120

See A. Martens, ‘‘The Technical Testing of
Ruyber and Balloon Fabrics in the Material-
prufungsamt,” Sitzber, preuss. Akad. IViss.,
14, 365 (1911).
See Lunge-Berl, “Chemisch-Ttchnische Unter-

suchungsmethoden,” p. 340, J. Springer, Ber-
lin, 1921.
Bur, Standards, Set. Paper No. 387 (1920);
India Rubber 56, 753 (1918).

* Translator’s note by V. N. M.
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Besides these tests, there are also a distension test on the ends, adhesion

tests, elongation tests on the lining* of the hose, and special tests under condi-

tions of heat and cold.

Rubber-covered Wire
Mention should also be made of certain work which was formerly under-

taken at times at the Materialprufungsamt, which work had as its object

the investigation of compounds reclaimed rubber) used for rubber-

covered conductors. In a restricted sense, these experiments may be con-

sidered as a means of testing soft rubber goods in their marketed form, and
therefore they will be briefly mentioned at this place. The work involved

torsion tests on samples of rul,)ber-covered wire 2.5 sq. mm. in size and about

50 mm. long. The copper conductor was not removed. Definite conclusions

could be formed from the number of twists before tearing started and also

from the subsequent formation of fissures on twisted samples which showed
no tearing during the twisting.

Several samples illustrating the results of this test are shown in Figure

202 .

1 --

C. L. Hippensteel describes an apparatus which is used at present by the

Bell Telephone Laboratories. This apparatus subjects rubber-covered wire

to a compression test to determine the resistance encountered and the de-

formation which results when an attempt is made to press the conductor

through the rubber covering.'*^

Testing Hard Rubber

Hard rubber is tested much less frequently than soft rubber. This is

accounted for by the greater uniformity of its manufacture, its scarcely

noticeable aging, and the rather low requirements of strength necessary for

most of its uses. Other properties, such as its workability when subjected

to turning and drilling, and the ease with which it can be polished, are less

easily determined by technical tests. Because of its high insulating prop-

erties, hard rubber is extensively used in electrical work, particularly for

building instruments. In this use, the probable changes in the resistance of

the surface because of oxidation are of the greatest importance.

Testing of Strength

In determining the strength of hard rubber, tension tests are usually not

employed, because the material is relatively brittle, and the pressure required

to hold the sample may affect the result greatly.f Instead of a tension test, use

is made of a bending test, such as is usually carried out on molded materials

for the electrical industry.^-^ The sample used is a bar, 120x15x10 mm. It

122 See page 550 with reference to tensile tests

on rubber covering which has been removed
from the conductor.

hidia Rubber World, 7S, No. 6, 55 (1928);
Giimmi-Ztg,, 42, 2852 (1928).

* Translator’s Note. This machine is manufac-
tured by the Henry L. Scott Co., Providence,
R, I. J. H- Ingraanson and A. N. Gray
{India Rubber World, 82, No. 4, 53 (1930')!,
have used it in working out a method for
evaluating rubber-covered wire by correlating
compression, shear, and adhesion tests with
bomb aging. — V. N. M.

t Translator’s Note. An exten^ometer, which
enables the small elongatinns and hence the
stress-strain properties of liard rubber to be

measured on the Scott tensile-testing machine,
has recently been described by B. L. Davies
[Trans. Inst. Rubber Ind,, 9, 130 (1933)].
Satisfactory stress-strain curves with speci-

mens exhibiting an ultimate elongation of less

than 3 per cent are rcrulily obtainable by

means of this device. These curves were
found to provide a reliable means whereby
stocks containing different accelerators and
other compounding ingredients may he com-

pared. The results obtained indicate that

ebonite exhibits plastic flow and thus does

not deform exactly in accordance with

Hooke’s Law. — V. N. M.
See “Vorschriften des Verbandes Deutscher

Elektrotechniker, V. D. E.”—Drucksache No.

318, 31Sa.
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it. I a.

C.I.C. DeruJ. £3,

Figure 202—Twisting tests with rubber covered wire. (The number following “Vvru.”
is the number of twists necessary to cause the first tears to appear in a sample 100 mm.

in length. The photographs were taken 24 hours after twisting.)

is placed on supports 100 min. apart and is subjected to stress Ijy means of
a cylindrically shaped element having a radius of 10 mm. {Sec Fig. 203.)
In the simplest procedure, the load at break and the amount of bending are

determined. If the material shows a large degree of bending, the load causing
a certain bending (for example, 5 or 10 mm.) is determined. Should more
complete information concerning the properties of the material be desired, the

entire course of the loading and bending may be automatically recorded by
the machine.

I

Figure 203—Bending test for hard rubber,

using standard bars.
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Samples of the same dimensions (standard bars 120x15x10 mm.) are used
to test the resistance of hard rubber against bending stresses caused by blows.
The apparatus which has been used fur this purpose employs a pendulum
for striking the blow. This apparatus is similar to the Charpy pendulum
hammer which is used in various sizes for testing metals. The apparatus,
which is made by L. Schopper of Leipzig, is provided with two exchangeable
pendulums having impact energies of 10 and 40 kg. cm. respectively. [See
Fig. 204.) The supports for the sample are cut back at an angle of"l5° and
have the corners where the bending occurs rounded to a radius of 3 mm. The
distance between these supports is 70 mm.

Figure 204—Pendulum hammer with exchangeable pendulums having impact energies of

10 and of 40 kg. cm. (L. Schopper).

Compression tests are sometimes made on hard rubber. For this test a

cylindrical shape for the test sample is preferable to a scjuare one, because

the preparation of the former is easier and cheaper. To avoid the effect of

flaws, the height of the cylinder must not be more than times the diam-
eter. For the standard form of a cylinder made for compression tests, the

height equals the diameter.

Occasionally, torsion tests are also performed on hard rubber.
The Brinell test is used to determine the hardness of hard rubber. As a

rule the S-mm. steel ball is used, with a load of 50 kg. Hard rubber resembles

soft rubber in that an appreciable portion of the penetration of the ball is

due to elastic deformation. The total depth of penetration, therefore, is

measured while the load is being applied. Since there is likely to be an “after-

effect,’^ readings are also made 10 and 60 seconds after the load has been

applied.
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The degree of hardness H, expressed as kg. per sq. cm., is calculated bv
the formula

// = —
fhD h

in which P is the load applied to the ball in kg., h is the penetration in cm
and P is the diameter of the ball in cm. If P and D are the same for several

tests -vr may be combined as the constant C. For P= 50 kg. and P = 0.5 cm.

C is 31.8.

In several applications, hard rubber is attached to soft rubber or to metal
by vulcanization. A satisfactory adhesion to these other materials must be
developed. Adhesion to ])Oth soft rubber and iron is required in the same
article in the case of solid tires for automobiles, trucks, etc.

In testing, a hack saw is used to cut a slab 1 cm. thick from the solid tire

or from a section vulcanized solely for test purposes. One or more samples
are made from this slab, as shown in .Fig. 205. A hole is bored through the
iron portion, and the sample is fastened to the upper grip of a tensile machine
by a pin. The broadened end of the soft rubber part of the sample is clamped
in the lov^er grip of the machine. Great care must be exercised in the prepa-
ration of the sample to ]uxwent damaging it. The load must be applied with-
out a jolt and must continue with uniform speed.

Figure 205—Method of obtaining sam- Figure 206—Diagram of the Martens’ test

pies for adhesion tests on solid tires. for the determination of resistance to heat.

Heat Tests

Insulating materials for the electrical industry are occasionally used at
temperatures a])ove room temperature, and must be able to resist deformation
under such conditions. The specifications of the Verband Deutscher Elektro-
techniker include special tests for the resistance to deformation at higher
temperatures; namely, a bending test (the so-called Martens’ test) and a
penetration test.

Martens’ Test. The test bar for the Martens’ test is held in a vertical
position (Fig. 206) and is subjected by means of a weighted lever to a uni-
form bending stress of 50 kg./sq. cm. The temperature of the sample is

raised 50^^ C. per hour in an oven. A pointer on the end of the lever 240 mm.
irom the center of the bar shows the declination of the lever on a millimeter
^ale. The temperature at which the end of the lever (240 mm. long) falls

6 mm. is called the “Martens’ number.” Should the bar break before the
declination of 6 mm. is reached (this does not occur with hard rubber), the
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temperature at which the break occurs is the ‘‘Martens’ number.” Although

the temperature of the air near the sample is 5 to 6^^ C. higher than that of the

interior of the bar, the former is used for this determination.

Since a relatively large number of samples is simultaneously heated in an

oven in the usual test, it is desirable to make use of electrically-operated

signalling devices. Contacts are attached to the ends of the weighted levers.

When a lever falls to the 6 mm. limit the contacts close the electrical circuit

of a lamp or bell The contacts must be kept very clean to avoid faiiltv

The hlartens’ test is not severe, because the Martens’ numbers are for

the most part considerably under those temperatures at which the finished

articles may be used without damage. The difiference between the Martens’

number and the maximum temperature of safe use is especially great with

hard rubber. The ]\Iartens’ test does not show sufficient differences l.)etwcen

different hard rubber compounds.

Needle Penetration Test. The so-called Vicat needle Avas introduced

as a test for insulating materials because the hard rubber industry found such

a test necessary. The manner of conducting the test deviates considerably

from the original Vicat test of the standard cement tests. The needle carries

a much heavier load; namely, 5 kg. (11.02 lbs.), corresponding to 500 kg.

per sq. cm. (7,110 lbs. per sq. in.). Moreover, the measurement of the

penetration must be done with greater precision. Figure 207 shows the

Figure 207—The needle penetration tcht.

(Vicat needle.)

principle of the apparatus, which was designed by A. Schob. The needle A
of 1.13 mm. diameter (1 sq. mm. in cross section) is ground flat. A 5 kg.

weight G furnishes the load on the needle. The slightly rounded piece S
rests on the surface of the sample. The relative motion of the needle N with

respect to the piece S is multiplied by the pointer Z and is indicated on the

scale M. The temperature at which the needle is pressed into the sample to

a depth of 1 mm. is the “Vicat” value. The system of raising the tempera-

ture is the same as in the Martens’ test.^^^

A more complete picture of the changes in tained by conducting the bending tests (as

properties with changes in temperature is ob- described on p. 629) at different temperatures.
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Test for Resistance to Fire

The materials used for insulation in electrical installations must often be

more or less resistant to fire. Hard rubber is an easily ignited substance,

but its combustibility can be somewhat reduced by suitable compounding!
Methods for the determination of the resistance of insulating materials to fire

were first partially developed by the Verband Deutscher Elektrotechniker.

The early method, which involved the use of a Bunsen burner, has been
abandoned. The resistance to high temperatures has been <livide<l into resist-

ance to glowing heat and resistance to fiame. Methods for the latter are still

being developed. The sjtecifications for the determination of the resistance

to glowing heat (as publi.shed in the Elektrotechnische Zeitschrift j are

shown below.

Figure 208—Schramm’s apparatus for determining the resistance of insulating materia!'

to glowing heat.

“Samples fur the test are to be of the following dimensions : thickness a ~ o mm.

;

width ^=15 mm.; length L — 120 mm. Samples which are shorter than 120 mm. may
be used if the combustibility is low. These can be made by grinding down the standard

bar. The method of test may also^ be applied to material obtainable in thicknesses less

than 3 mm. The tests are to be performed in triplicate.

“The resistance to glowing heat is to be determined by the apparatus designed for

that purpose by Schramm. {See Fig. 208.) A block (2), which can be revolved, is

fastened to a base plate, (1). The block carries a movable, insulated holder (3) on

which rests a rod of silicon carbide (4). This rod, which is 8 mm. in diameter and
which has a free length of 80 mm., is heated electrically. The apparatus can be operated

at no volts or higher voltage with direct or alternating current by using suitable regu-

lating resistances. During operation the apparatus must be protected from air currents.

The counterbalancing weight (5), which has an adjusting screw, serves to limit the

movement of the silicon carbide rod to 5 mm. as it follows the burning of the sample.

A movable support (7) and the clamp (8) hold the sample (6) in place. A rod (9),

which can be swung into place instead of the silicon carbide rod, is used to adjust the

sample.

Elekttoteck. Z., [49], 29 , 1094 (1928).
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“The test bar is weighed to an accuracy of 10 mg., is then fastened in the clamp, and
is filially adjusted at the middle of the rod (9j which has been swung up into the posi-
tion finally to be taken by the silicon carbide rod. d'he sample is so adjusted that its

edge (that edge which is 15 mm. longj will rest against the center uf the silicon carbide
rod. The rod is heated while in the lowered position to 950'’ C. This temperature is

reached by adjusting the current (as shown by an ammeter) to the required value given
in the standard curve accompanying the apparatus.

^

With a potential drop of 100 volts

across the silicon carbide rod, a current of approximately 4 amperes is required. The
temperature becomes constant when the pointer of the ammeter becomes stationary. As
soon as this occurs, the rod used in adjusting the sample is swung down and the heated
rod is swung into place. After three minutes, the flame if present is extinguished. Should
the material be very combustible the flame is extinguished at the instant it reaches the
clamp holding the sample. The sample is removed and the loss in weight is determined
in inilligTams, The extent of the burning is measured in centimeters. In rounding off

the figures for the extent of the burning, values under 1 cm. are raised to 1 cm.’-'

Values above 1 cm. are reported as the nearest whole number of centimeters.

“If, because of the high combustibility of the material, the test has been stopped before
the end of the three-minute period, the loss in weight and also the extent of the burning
are calculated to three minutes. Both of these values are assumed to be directly propor"^

tional to the time.

“The product of the two values determined, i.e. the loss in weight in milligrams and the

extent of burning in centimeters, expresses the degree of fire resistance. The arbitrary

basis for rating is as follows:

Product
(mg. X cm.)

Over 100,000

100.000 to 10,000

10.000 to 1,000 ..

1.000 to 100

100 to 10

Under 10

Degree of resistance

to fire

0

1

2

3

4

5

The value 0 indicates very combustible materials: the value 5 is for incombustible matter.”

Electrical Tests

Since hard rubber is one of the best electrical insulators, it is scarcely

necessary^ to test the electrical properties of pure hard rubber. However, since

hard rubber compounds differ in quality and composition, the testing of the

electrical properties can be a matter of importance

For most purposes, the determination of the resistance to leakage on the

surface is sufficient. The method described in the publications of the Ver-

band Deiitscher Elektrotechnischer is as follows

:

“The resistance to surface leakage is measured over a surface area 10 cm, long by 1 cm.

wide at 1,000 volts D.C.

:

(a) as received, but after grinding the surface;

(A) after immersion in water for 24 hours;

(7) after immersion in a 25 per cent solution of sulfuric acid for three weeks;
(5) after three weeks’ exposure to ammonia fumes.
“In tests (P) to (5), the change in weight is determined and expressed in per cent.

“To measure the resistance to leakage of a surface, two electrodes made of rubber and
tinfoil, 10 cm. long and 1 cm. apart, are placed on the sample. (Refer to the standard

apparatus in Figs. 209 and 210. Figure 211 shows the diagram of the circuit.) One elec-

trode is connected through a protecting resistance of 10,000 ohms to the negative side of

a 1,000-volt direct current circuit, the positive side of which is grounded. In the circuit

used in the measurement, one electrode is connected to one terminal of the galvanometer
shunt; the other terminal is grounded. To exclude stray currents, the lead to the shunt

and from there to the galvanometer must be protected by a grounded case. The plate

holding the electrodes is grounded, as is also the support for the galvanometer and shunt

The sensitivity of the galvanometer should be at least 1 x 10-® amperes for a 1 mm. divi-

sion with the scale 1 meter from the galvanometer. With the aid of the shunt, it is pos-

sible to set the sensitivity at 1/10, 1/100, 1/1,(KX), 1/10,000 and 1/100,000 of the maxi-

This has since been changed. Values under 1 cm. are reported to the nearest millimeter.
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mni value. A switch on the shunt serves to short-circuit the galvanometer. To calibrate

the
galvanometer reading, the 1/10,000 shunt is used with a wire resistance of one megohm

nstead of the ‘surface leakage’ resistance ^he standard megohm, which is

wound unifilar with manganin wire 0.05 mrr;. dia-ux-, need only be accurate to 3 per

cent The protective resistance consists of 0.1 mm, manganin wire wound unifilar on a

rcelain or glass tube about 6 cm. in diameter and 50 cm. long. An accuracy of 3 per

cent is sufficient for this resistance also. A static voltmeter measures the voltage between

the low side of the protective resistance and the ground.

Figures 209-21l—Standard apparatus for determining surface leakage resistance (V.D.E.).
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‘‘Experimental Procedure. With the switch between the protective resistance and the
‘surface leakage’ apparatus open, the direct current is set at 1,000 volts, using the static

voltmeter. The galvanometer is then short-circuited, and the switch to the ‘sur/acc
leakage’ resistance apparatus is closed. Should the voltage drop below 500 volts, the
resistance to leakage on the surface of the insulating material is less than 10,000 ohms
Should the voltage remain above 800 volts, it is possible to use the galvanometer for the
measurement.
“The galvanometer is read one minute after the voltage is applied.

“The scale used for comparison is as follows

;

Resistance to Leakage Comparison
at the Surface Number

Under 1/100 Megolun 0
1 to 1/100 Megohm 1

100 to 1 Megolims 2

10,000 to 100 Megohms 3

1 million to 10,000 Megohms 4

Over 1 million Megohms 5

“Fur each series of tests, three slabs^'® are prepared, and at least two determinations are
made on each. The slabs used for test P may also be used for test 7.

'"Test /?. After the slabs are taken out of the water, they are wiped off with a cloth.

They are then allowed to remain vertical for two hours at room temperature in still air

to remove the adhering moisture from the surface. Then the determination may be made.
''Test 7. The slabs are removed from the sulfuric acid solution and washed about one

minute in running water. The determination is then finished as under /3.

'"Test 5. The slabs are suspended in large glass containers, on the bottom of which a

small volume of saturated solution of ammonia is placed. TThe containers are covered
with glass plates. Ammonia is added every two to three days to make up for the losses

resulting from vaporization. After removing the slabs from the containers and examin-
ing them, they are wiped with a dry cloth and measured.”

Of course, other electrical tests, such as dielectric strength, dielectric loss,

etc., are made in certain cases. These tests can only be mentioned here.

For detailed descriptions of them the reader must go to the special technical

literature.^^®

To simplify the testing of hard rubber, the
standard pieces (120x15x10 mm.) have re-
cently been used for measuring surface leak-

age resistance.
' H- Schering, “Die Isolierstoffe der Electro-

technik,” J. Springer, Berlin, 1924.



Microscopy of Technical Vulcanizates

By H. PoTiLE=i=

History. General Assumptions

The earliest microscopic discoveries in the field of technical vulcanizates

were probably made by P. Breuil.i who is therefore to be considered as the

originator of this branch of applied microscopy. The method first attempted,

which involved the application of metallopiphic methods, did not prove \-erv

successful. The later iirvestigation of thin sections by transmitted light, also

first tried by Breuil, \yas much more successful, and led to the accumulation

of colloid chemical information of interest in connection with the modern
field of vulcanized rubber products. Althoug’h Ditmar- made some con-

tributions to the technic|ue of thin sections, much of the important work of

recent years in the field of microscopy has been carried out by .-Xmerican and
English investigators. Depew and Ruby,3 and also Green,-* made use of the

microtome and of histological methods of preparing specimens, such as freez-

ing and hardening the object. Finally Ames,® in extending the work of

Depew and Ruby, further developed the apparatus for the preparation of

frozen sections, and at the .same time reported new discoveries.

f

With the exception of the scientific work of the past few years, the intro-

duction of microscopic methods into the rubber industry ha.s not been as

rapid as might have been expected, nor has it taken the place in rubber test-

ing that its importance demands. The reason for this should not be mis-

understood. The cause lies not so much with the technique of preparing

specimens, as with the difficulty of obtaining that clear conception of the

variety of microscopic phenomena which is necessary for the proper inter-

pretation of facts. The many kinds of information that can be obtained by

microscopic methods should not be underestimated, and should be given con-

sideration in connection with the economic and technical specifications of

materials for the rubber industry.

-Almost all compounding ingredients exist today in several commonly used

varieties, which might without examination be mutually substituted, but which

show noticeable differences on technical testing. It is not always possible

to detect chemical differences between two brands of the same product, but

it is often quite easy by microscopic examination to establish differences in

the degree of subdivision of the two brands, thus providing a physical or

“morphological” explanation for observed variations in behavior. The es-

tablishment of such relationships has been the occasion for making whole

series of dispersion studies on the different commercial brands of compound-

Translated by H. P. Coats.

^ Compt. rend., 140, 1142 (1905); and Caout’
chouc dr gutta-percha, 2, 82, 118, 158, 197

,
CI905).

' Ditmar, R., “Analyse des Kautscbuks,” Hart-
leben, Leipzig and Vienna, 1909 .

U%d.Eng, Chem., 12, 1156 (1920).

^ Ibid., 13 , 1130 (1921).
® /. Roy. Microscop. Soc., p. 265 (1923).

t Translator’s Note. See also Grenquist, E. A.,

Ind. Eng. Chem., 20, 1071 (1928); 21, 665

(1929), and Steele, T. F., Ind. Eng. Chem.,

Anal. Ed., 2, 421 (1930).--V. N. M.
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ing ingredients (pigments) wliicli are of a type suitalde for microscopic
analysis.^ The knowledge gained thereby has also made it evident that the
problem of microscopic analysis has taken on primarily a ‘"quantitative”

aspect with respect to the degree of subdivision of the pigments, since this

property permits conclusions to be drawn not only regarding the origin of the
pigments but also regarding the properties of the vulcanized product.

An evaluation of microscopic information from the point of view of
dispersoid analysis is based upon the assumption that this information shows
rubber to play the role of a dispersion medium. It is found that the character-

istic degree of dispersion of a pigment is Ijeing approached during mixing,
and has usually been attained, at the latest, by the time the original mixing
and the subsequent ‘Svarm-up” have been completed. An appreciably longer

period of working does not produce a misleading alteration of the microscopic
picture. Once this state of-dispersion is reached, it remains surprisingly stable

and permanent, even during the vulcanization process. This observation ap-

plies even down to a state of '‘colloidal dispersion” (compare discussion in con-

nection with transmitted light, p. 647) and explains the fact that finished

products of widely different sources and treatment (kneaded, milled, cold-

cured, hot-cured) all show a similar degree of dispersion; i.e., that which is

typical of the pigment concerned.

On the other hand, it is not to be expected that pigment particles of the

same size (as measured microscopically) will lead in every case to the same
results as determined by the physical testing of the finished rubber product,

since here, as in all technical products, one must reckon with coarse structural

disturbances which cannot always be discovered in a microscopic field. For in-

stance, when small thin sections are examined by transmitted light, the various

inhomogeneities disappear. With reflected light, on the other hand, at least

a part of them can be observed. In avoiding such disturbances, it is not only a

question of preventing large inclusions by the exclusion of air and the like,

but also preventing fine cracks or strains which may act as the starting

point of larger fractures. Such structural inhomogeneities frequently lie

deeply imbedded in the rubber and can only be detected by special adaptations

of the methods of preparation. As long as it is impossible to avoid such in-

homogeneities of microscopic dimensions, it is necessary to reckon with the

consequent phenomena and to interpret the results of measurements of tensile

strength and elongation with this in mind. On the same grounds, it is unsafe

to attempt any interpretation of the results of physical testing on the basis

of theoretical considerations regarding the molecular structure of rubber.

The following compilation of microscopical data has been obtained from
the practical experience of the past ten years, and covers the microscopy of

technical viilcanizates as completely as this experience permits. The com-

plementing of chemical analysis, and in many cases the replacement of the

same by the quicker microscopic examination, as w’ell as the control of manu-
facturing processes by following the changes which occur during the fa])rica-

tion, have constituted the major interests during these years. The division

of the material to be discussed in this section has not been made upon this

basis, however, but rather according to the method of investigation used. At

the same time the attempt has been made to classify the pigments on the

very practical and important basis of the degree of the subdivision, since in

® By i^erfornimg a series of experiments, it is producibility, but are rather to be explained

possible to establish that differences are not on the basis of characteristic effects of the

accidental ones resulting from a lack of re- raw materials themselves.
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this 1113-^1161^ it is possible to indicate^ most clearly to what extent our present
knowledge in the held of lubber pigments and rubber compounding needs
to be enlarged. The results to be presented indicate that a dehnite contribu-

tion to colloid cheniistiy has been made by the study of the various pigments,
and form perhaps the foundation of a new chapter in colloid chemistry on
the subject of ^^Dispersion in Rubber.’’ Furthermore, these results are of
great scientihe interest, since they have been obtained with dispersions in

which the concentration of the dispersed phase can vary over unusually wide
limits, and with which the most important physical properties can be con-
trolled by proved testing methods.

The writer is very grateful for the many autochrome photographs which
were placed at his disposal by the Continental Caoutchouc and Gutta Percha
Company of Hanover.

Preparative and Optical Aids

The equipment ordinarily used in fine histological work is also applicalde

to the examination of thin sections by transmitted light. With a few simple
additions, it can be made to serve as well for the ordinary observations by
reflected light or in the dark field.

Preparation needles (“leasers”), scissors, and knife (razor blade) should

be of fairly strong material, because considerable resistance is encountered

in the separation or cutting of material from solid tires or pneumatic tires.

Avery useful tool in the preparation of thin sections by hand is the double

knife of Schieferdecker or the similar and smaller tool of Orth. In the

latter the blades must be set exactly parallel. Ditmar has recommended that

thin sections be made more transparent by re-pressing them between slide

and cover glass. If success is to be attained with thin sections of cured

stock rich in fillers, a stout apparatus is I'ecjuired. A suitable arrangement,

which has been widely used, consists of two pieces of plate glass, 60x45x6
or 7 mm., which are held or pressed together by means of a pair of screws

(method of R. Goetze of Leipzig). Space is provided between the screws

for the average slide as well as for the usual movements of the objective.

The thickness of the glass plates necessarily limits the magnification to a small

value. A specially corrected objective is preferred (for example, the Leitz T3
objective, with a magnification of about 13X)-
In preparing a specimen for investigation by reflected light, use is made

of a grinding wheel, such as those often to be found on abrasion machines.

Since most vulcanized materials tend to smear on application of finer polish-

ing paper, the whole process of polishing is carried out with the same coarse-

grained abrasive, the desired smoothness being obtained by varying the pres-

sure and speed.

For the grinding and tine polishing of hardened samples of rubber,* F. H. Roninger
[InlEng. Chem., Anal. Ed„ 5, 251 (1933 )J found that an automatic po';>hiy.g machine
of the type designed by S. Epstein and J. P. Buckley [Bur. Standards .6 !!rs,’ irrn. 3,

783 (1929)] gave satisfactory results.

Since the various pigments differ considerably in particle size, it is neces-

sary to include at least 3 objectives in the optical equipment. Clear images
and colors without details are shown best by an achromat of about lOX
magnification, such as the above-mentioned objective T3. The smaller par-

tides of pulverized minerals, factice, etc., are brought out quite clearly by a

* Translator's note by V. N. M.
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medium objective of 40x magnification. Particles of the type represented

by gas black and zinc oxide, which are frequently siibmicroscopic in size,

are best seen by using an oil immersion objective with a numerical aperture
between 1.3 and 1.4. Depew and Ruby referred to this fact. For subjective

observations, apochromatic lenses are generally unnecessary, since the less

costly fluorite objective serves the same purpose. Particles giving a brown-
ish-red dispersion color are most sharply contrasted in a blue light.

A

verv
obvious supplement to the oil immersion objective is an efficient source of

light (preferably with a condenser of numerical aperture 1.4) to utilize com-
pletely the large aperture of the oil immersion objective.

In the case of examination by reflected light, a very useful supplement to

the optical equipment is an objective of 5X magnification for use in low-

power ^voTk. With the two lowest-powered objectives it is possible to carry

on investigations with oblique reflected light. A small concave mirror above

the microscope makes possible oblique illumination from any desired direc-

tion, as well as the projection of ultra-violet light. A reflector which can

be fitted to the head of the objective facilitates the production of a concen-

trated and intense beam at a ver}^ small angle (for reflected light). Since

this reflector receives its light from the lower mirror of the lighting source,

an opening about 50 mm. wide is provided in the center of the stage. It is

obvious that large specimens, wdiich do not allow a free passage of light,

cannot be very satisfactorily illuminated. Observations at higher magnifica-

tions (such as are never attained during experiments wdth transmitted light)

are possible only with vertical reflected light from a vertical illuminator of

the usual construction; and also require a special, short-mount objective.

As will ])e shown below, the vertical illuminator is used with oil immersion
objectives of various magnifications, and recently also with low-powered
objectives, such as the 16 and 8 mm. focal length objectives of E. Leitz.

AVith these last mentioned objectives, the rubber surfaces are directly under

the immersion oil and are examined without the use of cover glasses.

Changing over to dark field examination necessitates a small iris dia-

phragm, which is inserted between the head of the objective and the micro-

scope tube (Leitz), or which is supplied with the special objective to which

it is fixed (Zeiss). The image obtained in a dark field depends upon the

proper position of this diaphragm. The illumination of the specimen is ac-

complished by means of the usual dark field condenser, after removal of the

ordinary condenser. The ultra-condenser must be focused in the center of

the field and on the preparation. For microscopes which do not have a

centering device on the tube or illumination apparatus, there is a new form
of condenser (designated by Leitz as a plate condenser), which is so flat

that it can be laid upon the stage. The centering of the focal point in the

field is accomplished by sliding the plate, while the vertical position is ad-

justed by means of a lever. A so-called luminous spot-ring condenser, con-

structed ])} Zeiss, can be used with the highest oil immersion objective of L3
numerical aperture, practically no screening by means of the iris diaphragm

being necessary. With this arrangement, most of the high resolving power

of these objectives is made available for dark field observations. These

highly valuable optical tools are applicable to even the smallest preparations.

As a light source, it is desirable to have a self-regulated arc lamp with a

converging lens. The substitution of a quartz lens for the glass lens, and tlie

Lifa niter No. 1 (558/26 (Daylight filter).
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insertion of nn ultra-violet black ’ glass filter,'*' provides a s(^urce of ultra-

violet light suitable foi most woik. The complete removal of red radiation

from such light by passing it through a 3 cm. layer of a 10 per cent solution

of copper sulfate is^ not always desirable, since the noii-luminous particles

become entirely invisible in such a case. Sometimes the mercury lamp is

used in combination with the same 'Tlack’’ glass (Heraus ultra-violet ana-
lyzing filter). Magnification of poorly lighted specimens is obtained only

with the two lowest-powered objectives. By the insertion of a 15 mm. cen-

tral stop in the ordinary illuminating apparatus, use may also be made of the

simple dark field for low magnifications. (Sec ‘Tnvestigations in the dark
field”

;
p. 670.)

Mentiont should be made of certain equipment which has recentlv been developed, and
which has been used particularly durin^^ microscopic studies of vulcanization. An example
nfthis is Dannenberg’s f Ab/n/wr/n/A, 2, 276 (1026)] “sqncezing.cbambcr;’ which facili-

tates the observation w-ith the microscope of samples before and after vulcanization.
Grenquisl \Jud, Eiicj, C Zny//., 20, 1073 (1028)1 used this device in his preliminary micro-
scopic stnehes of vulcanization.^ “Squeezing-chambers” provided with means for con-
trolled licating have made possible the microscopic observation of the entire process of

vulcanization. [Arc I ):innerberg. I\ aitlschuk, 3,^ 104, 128 (1927) and Grenqnist, [)nl. Enp.
Chenu, 21, 66vS (1929).] Dannenherg’s electrically heated device has been im[)rnvefl by
Walton \I}id, Eng. Chon., Anal. Ed., 1, 106 (1929")], who utilized a thermocouple to

permit accurate temperatu-e control. Hamser, Miedel, and Hiinemorder \ India Rubber
World, 79, No. 1, 59 ('1928); Colloid Symposium Monograph, VI, 207 fl928)] have
also described a microscopical attachment to effect vulcanization under the micro.scope,

using steam as the heating medium.

Investigations by Reflected Light

Observation by reflected light is the best method for preliminary investi-

gation, because of the simplicity of the preparation of the specimens. As a

rule this method also furnishes the best criteria as to whether later exami-
nation by transmitted light might bring results, and whether thin sections

should be used. Tn establishing the identity of and examining the dispersion

of the individual components of a mixture, examination by reflected light

cannot usually displace the bright field investigation, because the intensity

of light by the former arrangement is limited and furthermore good images

do not result when large magnification is attempted fas in the case of meas-

uring the finer pigments). An attempt to use a procedure similar to that

employed in metallographic .studies does not give the desired results, since

the preparations thus made available are not suitable for vertical illumination,

either optically or with respect to surface structure.!

The advantage of examination by reflected light lies in the fact that it

frees the investigator from the troubles which are encountered during the

preparation of sections with very small dimensions and makes possible the

examination of larger objects by utilizing fields of larger diameter and thus

obtaining a more general view of the surface. It is possible to obtain in-

formation concerning the physical structure of such viilcanizates as are built

up of individual layers and concerning the nature and distribution of ma-

terial appearing on the surface as “bloom.” The irregularities resulting from

working and vulcanizing also become evident, often only as vaguely bounded

colorings, which can be recognized only in the larger, smoother, more uni-

Translator’s Note. Similar filters, such as

red-purple Corex A, are made in America.

Three such filters, obtained from manufactur-

ers in different countries, were recently com-

pared by V. N. Morris lind. Ena. Chem.,
26, 107 (1934)1. Also see page 642.

t Translator’s note by V. N. M.
t For a discussion t)f recent work along this

line, see p. 646.
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formly lighted surfaces which can be observed by reflected light. The method
is also useful when the point in question is one of testing the degree of
technical homogeneity of larger objects; for instance, with respect to air

holes and separations which are rarely to be found in a thin section. Further-
more, the method is of service for determining a whole series of character-

istic structural phenomena (“reinforced” structures, “calender” structures)*

which up to this time have been neglected in microscopic investigations, but
for which the magnifying power of an ordinary reading glass is not sufficient.

Although such structures usually occur in connection with very fine disper-

sion of pigments, they are also to be observed to some extent in the broader
pictures obtainable wdth microscopes of low-er power.

The determination of the structural forms in larger preparations makes
it possible to recognize the direction of la3^ers and laminations (grain) and
to determine the processing method (for example, tubing or calendering)

which has been used.^ It also discloses certain stress phenomena which seem
to lie wdthin the rubber substance itself and which cannot be ascertained bv
observation wdth transmitted light, since the usual method of preparation of

thin sections does not permit any picture of the rubber substance to be ob-

tained (Plate II, Fig. 3). The consequences of such phenomena are of

interest in connection wdth the results of physical testing, because occasionally

they provide an explanation of the variation in results with the direction of

testing.

x\s the following examples of applications show, convenience is the con-

sideration which governs the choice of the particular method to be used when
the surface of a specimen is to be examined. The examination under low’

magnification permits the objective to be some distance from the object and

enables the use of oblique reflected illumination.

If blooming is to be studied first, it is of advantage to allow the blooming

to occur on a surface that has been cleaned w’ith ether (in order to obtain

characteristic crystals). A further differentiation of the image is obtained

by the use of oblique reflected ultra-violet light, since substances which
bloom are usually capable of luminescence (anthracene, accelerators, sulfur,

selenium and antioxidants—but not oxidation products of the latter). The
light from a mercury or carbon arc is passed through a filter and then pro-

jected on the preparation by a small concave mirror. The luminescence,

w’hich occurs at the point of focus, may serve as a means of identification of

the material being examined. The extension of the observations of lumines-

cence to the non-blooming portions of the compounded stock is made dif-

ficult because of the interfering luminescence of the vulcanized rubber

substance itself. ( Compare wdth investigations made in the dark field

—

p. 669.)

The “luminescence,”t or more strictly speaking “fluorescence,” of rubber and rubber

compounding ingredients when exposed to filtered ultra-violet light has been studied by
several investigators in recent years. The results have demonstrated that observations

of ^interest can be made either with or without the use of the microscope. M, Krahl
[Kaiifschuk, 3, 159, 180 (1927)] seems to have been the first to point out the possible

value of the phenomenon of fluorescence to rubber technologists. Zinc oxides and ac-

celerators seem to have constituted the major interests of those who have entered this

* Translator’s Note. The terms ‘‘Aktivierung”
and “aktive,” which are frequently to be found
f within quotation marks) in the German text,
tin not seem to have very satisfactory Eng-
lish equivalents. Although the literal transla-
tions, “activation” and “active,” have some-
times been used, it should be kept in mind

that the terms as thus employed do not have

their usual significance. The sense is often

that of *Veinforcement” and “reinforcing” re-

spectively.—V. N. ]\T.

® See Wiegand and Braendle, Ind. Eng. Chem.,

15 , 259 ( 1923 ).

t Translator’s note by V. N. M.
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PLATE IT, Group I. Inclined, reflected light. (Figures 1, 2, 3 and 4.)

Figures 1 and 2. Torn surfaces
of “non-activated” (non-rein-
forced) and slightly reinforced
stocks of inner tube type; (1)
without (2) with tendency to-
ward structure formation (cross
graining at right angles to the
direction of tear). Cf. p. 644.
Dry preparation. Zeiss Planar,
35 mm.

Fig. 3. Cross section of a vulcanizate

composed of several layers (older solid

tire type, containing about 70% mag-
nesium carbonate and 10% litharge).

Cf. p. 645. Paraffin oil preparation. Zeiss

Tessar. Approximately natural size.

Fig. 4. Normal vulcanizate of crepe rub-

ber and sulfur (10%), showing different

crystalline forms of sulfur. Section cut

with scissors at right angle to surface.

Cf. p. 646. Paraffin oil preparation under
cover glass. Zeiss Planar, 35 mm.

field. That different samples of zinc oxide give different fluorescent colors was demon-
strated by P. G. Nagle [Trans. Inst. Rubber Ind., 3, 304 (1927)], F. Kirchhof [Kaut-

schuk, 4, 24 (1928)] and V. N. Morris [Ind. Eng. Chem., 26, 107 (1934) ]. Kirclihof

attributed the differences in zinc oxides largely to the impurities present, while Morris
showed that variation in particle size can account for variation in the fluorescent effects

exhibited by samples of zinc oxide obtained from the same source. A great many of

the accelerators in common use exhibit characteristic fluorescent effects, as has been

shown by Krahl, Kirchhof, Morris, Ditmar and Dietsch [Chem.-Ztg., 52, 388 (1928)]
andKojima and Nagai [/. Rubber Soc. Japan, 2, 260 (1930)]. Antioxidants, which have
been studied less extensively than zinc oxides and accelerators, have been found to give

intense fluorescent colors in many cases. As a rule the fluorescent colors are markedly
different from the colors of the antioxidants in ordinary daylight. Many of the common
softeners also exhibit fluorescent colors, which enable them to be identified after they

have been extracted from rubber products of unknown composition. Very few of the

inorganic pigments used in rubber show characteristic fluorescent effects. The effect of

the state of vulcanization on the fluorescence of rubber itself has been studied briefly by
Krahl, by Morris, and by G. Bruni Cotton, F. H., Rubber Age (London) 12, 307

(1931)]. In a paper which does not thus far seem to have been published, this latter

investigator stated that, as cure progresses there appears a correlation between the ad-
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vent of strong fluorescence and the appearance of optimum tensile strength. Morris, who
failed to confirm this observation of Bruni’s with accelerated stocks in general, found
that the intensity of the fluorescence of rubber stocks is influenced by the concentration
of pigments and of vulcanizing agents, and that the capacity of vulcanized rubber for
fluorescing can be destroyed by exposing it to direct sunlight for a short time.

After removal of all impurities and bloom, the surface relief of the vul-

canizates reveals information regarding the methods of vulcanization (for
example, heating in molds having surfaces which are microscopically uneven,
heating in the open, or heating in a water bath), wfliich are in some cases

accompanied by characteristic shrinkage effects in the surface. There is no
relation between this shrinkage and the inner structure or composition of the

mix (in the investigation of which, regular cut sections, or in the simplest

cases, fractured or torn surfaces, are generally used). Kroger'^ has dis-

cussed the normal results obtained with fractured surfaces and the signifi-

cance of these results in the analysis of the breaking process.

The normal picture obtained with somewhat overcured compounds is

shown in Plate II, Fig. 1. A high relief structure parallel to the direction

of tear is evident. The nature of such a torn surface is entirely different

when a certain structural solidity (increased resistance to tear) Ijecomes

apparent. In the terms of rubber technology, this latter condition gives

indication of reinforcement. A slowly torn surface of a highly concentrated

zinc oxide compound is shown in Plate 11, Fig. 2. In such cases, there ap-

pears, in addition to the above mentioned structure, a secondary one which

is transverse to the direction of the tear. This latter structure, which is made
evident by a fine graining effect, gives indication of a periodically interrupted

breaking process. Each of the equi-distant bright zones of the graining

effect is to be attributed to a microscopically fine ‘loosening up” of the struc-

ture, which immediately develops into a break under the influence of stretch-

ing. A breaking process of this type is to be observed in the case of a very

slight degree of reinforcement. Even in examples of the most perfect

formation of structure, such as are found in mixes containing the so-called

“active” (reinforcing) pigments, a lamellar loosening of the structure at the

torn surface is observed. Upon further vulcanization, this effect gradually

disappears, and the picture obtained with a torn surface approaches that shown
in Figure 1, Plate II.

Additional information may be obtained when a larger and sufficiently

smooth surface is available for investigation. In such cases satisfactory

longitudinal and transverse sections of vulcanizates cannot he made with a

knife alone, since irregularities cannot be avoided. The surface should be

polished with a polishing wheel. A true polish is not necessary for the ex-

amination, and is in fact almost impossible in the case of soft rubl^er goods.

A coarse polishing paper is preferred to a finer one. During the last stage

of the treatment a very slight pressure may be applied. It is not possible to

avoid a rough and grainy condition of the surface in the case of the softer

vulcanizates. By rubbing with ether, the condition of such surfaces may be

improved to such an extent that examination with oblique reflected light

(preferably in the cone from a powerful arc lamp) is readily possible.

By the proper application of pressure on the polishing wheel, it is possible

to establish that a variation in hardness exists between the various layers

wdiich are apparent in the relief of the surface. Furthermore, the differences

in the degree of swelling of different layers, upon exposure of the surface

Z. EJekfnn'henu, 34. 725 (1928).



INVESTIGATIONS BY REFLECTED LIGHT 645

to
chloroform, iiicliciiles a structure made up of individual plates. In the

case of viilcanizates with heavy bloom, the final irregular distribution of
the sulfur bloom may indicate whether the larger cross-sections are well
cured throughout, or whether an ‘‘after-vulcanization” has occurred at in-

dividual spots.
^

13etei minations of this kind can even be made oii non-
blooiuiug viilcanizates (at least the brightly colored ones), if the investigation

is
undertaken on fresh surfaces under ultra-violet light. (See “Investiga-

tions in the dark hcld.”)^ This method of preliminary investigation is espe-

cially suitable foi use with haidcr vulcanized products, such as solid tires,

rubberized fabrics of airships, and the rubber layers on metal rolls or
cylinders.

If an attempt is made to reveal finer details of the inner structure of this

same preparation by cmjdoying a somewdiat higher magnification, it l)ccomes
evident that only a small portion of the incident light enters at such an angle

as to be of service in producing an image of particles lying under the surface.

The major porti(ni of the light is reflected at the microscopically uneven
surface, and is lost as far as the image is concerned. This magnification con-
sequently reveals not only the details beneath the surface but also those of

the surface structure itself, and is therefore not highly valued for the pur-

pose in view. Even smaller and apparently perfectly smooth surfaces, pre-

pared by cutting with a knife, show this same tendency to reflect much of

the light; and pictures of them, obtained when using “metallographic" illu-

mination, show the above mentioned defect to a greater or less extent.

In order to obtain a ])etter path for the beam of light, it is recommended
that the surface of the sample be painted with a clear “lacfjuer” which has

about the same refractive index as rubber, and which can be smoothed by
laying a cover glass on it. The simplest transparent layer is clear ])araffin

oil, which is not aj)precial)ly absorbed by rubber. For permanent samples,

Canada balsam may be used. In employing this material, both the cover

glass and the balsam itself should be applied warm. When such a coating

has been used, the o])licjuely incident light penetrates sufficiently to make
possible a deep view^ of the specimen. Such preparations thus shrnv whole

series of phenomena which could not previously be made apparent. I'he ex-

amination of compounds with a high content of magnesium carbonate, for

example, reveals the typical streaming figures with silky luster ( and the

corresponding anisotropy). {See Plate 11, Fig. 3.) Such preparations also

bring out the characteristic structure of black vulcanizates, when they consist

of laminated layers of different carbon ‘black compounds. That the pene-

tration of the light is improved in the case of preparations of this kind is

apparent from the fact that the various Tyndall effects, characteristic of dif-

ferent kinds of black, can be showm. By way of example, the examination

of the cross sections of certain solid tires has proved them to contain gas

black only in the outer layer. Similarly, the tread of a tire of English manu-
facture was found to contain gas black only in a thin outer layer. On the

other hand, a recently examined tire of American origin was obsen^ed to be

free from gas black in the outer layer only. Such distinctions by means of

refracted light are impossible with dry preparations.

The very simple method of preparation and observation under reflected

light is consequently in many cases a worthy supplement to other processes.

This procedure consists of the preparation (with knife or scissors) of freshly

cut surfaces (the size of which is determined by the amount of magnification
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desired), the wetting of these surfaces with parariin oil, and the coverino-

of them wdth a cover glass. The difficulty arising from an insufficiently

smooth surface may be overcome by inclosing the preparation (with paraffin

oil on its surface) in the press made of plate glass [sec p. Co9), and ob-
serving it through the top plate. This arrangement (usually in combination
with objective T3) produces excellent pictures, and can be used with grazino-

incident light. The typical crystallizations of sulfur which are observed in

vulcanized rubber-sulfur mixes become visible wdth this arrangement, as

do also the disturbing separations of sulfur which appear on sections taken
from solid tires. The flow lines and calender effects (grain) in vulcanizates

containing a smaller proportion of compounding ingredients are also made
evident under these circumstances. The results of certain investigations of

rubber-sulfur mixes have already been published. In Figure 4 of Plate II

is shown another picture of a normal vulcanized mix (90 per cent crepe and
10 per cent sulfur). It is especially instructive to observe the somewhat
characteristic dependence of sulfur separation on the degree of vulcanization

of the compound. This can be seen in a mixture wdiich has been cured in a

mold, one side of wffiich was kept cool during the cure. In the cross section

of such a sample, all steps of the curing process may be observed side by side.

In case investigations with higher magnification are to be conducted, it is

impossible to avoid the use of a vertical illuminator. With dry specimens,

the picture obtained in perpendicular reflected light is almost exclusively one

of the surface alone. Since such a picture is generally of little interest,

immersion objectives are used. In case the swelling action of the immersion
011 does not interfere, observations can be made directly without cover glass.

By applying methods to the examination of rubber fabrications,* F. H.
Roninger [bid. E-'a. AnaL Ed., 5 , 251 (1933)] has recently accomplished some-
thing which certain previous investigators had attempted with little success. The sample,
preferably after vulcanization, is cut with one suitable face roughly plane, and is then

immersed in a bath of molten sulfur at 135° C. for 12^ to 24 hours. After having been
cooled, the sample will have a surface layer (several millimeters thick) of a tough horn-
like consistency too hard to be dented with the finger nail. For the grinding and polish-

ing of the hardened sample, an automatic polishing machine, a simple variable-speed

polishing lap, or other device can be used. The sample is flattened on a coarse silicon

carbide grinding wheel, given a rough polish on a wheel covered with wool broadcloth
charged with a paste of “600” silicon carbide, and finally polished on a wheel covered
with cotton-backed silk velvet charged with a small amount of a special magnesium oxide

(Shamva) in water. After flooding the surface wdth water to remove all the powders,
the sample can be examined and photographed, using any good vertical illuminator and
short-mount objectives. The most useful application of this method has been in the

quantitative estimation of the degree of dispersion of pigments in rubber mixes, particu-

larly tread stocks.

Investigations by Transmitted Light

Microscopic examination by transmitted light is made possible by the fact

that the rubber substance in a thin section of the vulcanizate is a practically

transparent, structureless, and colorless body, in which all added materials

can be seen, unless they have become dissolved or have a refractive index too

close to that of the rubber. The usual treatment of the sample with a swell-

ing agent, as well as the embedding of it in paraffin oil or Canada balsam,

only tends to make the image of the added materials better by virture of

making the rubber clearer. Evident distortion of structure caused by the

swelling agent occurs only when the compounding ingredients are ''fixed'' in

the rubber by a chemical reaction. Distortion of this kind, which occurs in the

10 See KoUoid-Z., 39, 1 (1926). * Translator's note by V. N. M.
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presence of active agents, such as the oxides of lead, calcium and magnesium,
leads to the “breaking down of individual particles during the swelling
The vulcanizates of older types liccame opaque through the copious crystalH-
zation of free sulfur. Aduch less trouble from this source has been en-
countered since the introduction of accelerators to the industry. The many
colors introduced into the vulcanizates by the accelerators themselves do not
cause any trouble during observations on thin sections.

Compounds which aie of simple type, and in which various compounding
ingredients may be observed in their characteristic forms, are encountered
in the field of inner tube manufacture. Pictures of such compounds are
shown in Plate V. {See p. 666.) These pictures make the rubber medium
appear to be as clear as glass, and enable the relative sizes of the added
materials to be easily seen. On Plate V are shown pictures of a dye which
is molecularly dissolved (Fig. 19), of colloidally dispersed antimony penta-
siilfide, most of which cannot be resolved (Fig. 15), of zinc oxide and anti-

mony trisiilfide, which are optically resolvable to some extent (Figs. 16 and
17 ),

and finally of the coarsely ground lumps of factice, chalk and gritty

magnesia usta (Figs. 18 and 20). These coarse ingredients play the role of
foreign bodies and can be easily loosened from the combination 'by a marked
swelling of the sample. Although agglomeration tends to take place with
many of the pigments themselves, the mixing process is such as largely to

avoid agglomeration of these pigments in rubber compounds. Consequently,

the pigments generally appear in the rubber as individual (primary) particles,

isolated from one another. Examination with high magnification but at

limited depth, as was the case with the pictures shown in Figs. 15 to 20,

reveals relatively broad rubber bridges between the particles, but no definite

tendency toward orientation.

Dispersion greatly different -from the types shown in Figures 15 to 20
indicates either a compounding ingredient of low value or an unusual mixing
process, such as one in which the “warm up’’ period has been insufficient.

Manufacture directly from latex also gives products with unusual dispersion

of pigments. Although it is possible to make conjectures regarding the

identities of various pigments in goods made from latex, it is scarcely possi-

ble to identify them microscopically on the basis of a characteristic dispersion.

This lack of a characteristic dispersion arises from the fact that the pigments
are to some extent undispersed and to some extent coagulated. {See Plate lY,

Figs. 13 and 14, p. 665.)
The tendency for the individual particles to remain separated from one

another in rubber compounds prepared in the usual manner is also main-

tained in the case of submicroscopic particles, as is illustrated by observations

made on tread and solid tire compounds containing gas black (Plate III,

Figs. 7 to 9). In the background of the microscopic field (in the case of

such compounds) there appears a fine “granulation” which cannot be re-

solved. This “granulation,’" which shows the red-brown color of colloidal

solutions, can be readily distinguished from the dispersion of gas black

brought about by rubbing it with oil or resin. Coagulation phenomena
during vulcanization ai'e not demonstrable (Fig. 7). The typical efifects ob-

served during the physical testing of such vulcanizates are therefore probably

not to be considered as resulting from the coagulation of the black, but are

rather to be explained on the basis of structural phenomena, such as have

recently been observed to a considerable extent. Compounds of this type
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exhibit a fine lamellar structure, w'hicli can be made visible by the mechanical
stressing (squeezing or crushing) of a thin section. A typical result is shown
in Figure 6, Plate III. From this figure it is obvious that the gas black
''granulation” and the lamellar structure are not disturbed by the presence of
the larger zinc oxide particles. The tendency for the finer and coarser
pai'ticles to remain separated from one another is apparent in Figures 8 and
9, Plate 111, in which it is possible not only to detect the coarser particles

of zinc oxide, lampblack, and thermatomic black microscopically, but also

to estimate their relative proportions if necessary. In this latter case the
study must be made on a photomicrograph taken through a net-ruled eyepiece
micrometer. (Figs. 8, 9.)

The characteristic degree of dispersion of various compounding ingredients

(as revealed by the microscope) is already partly known from the publications

of other investigators, and has been reproduced in various vulcanizates of
decidedly different origin. For the purpose of microscopic analysis it is de-

sirable to divide the ingredients into organic diluents (factice, for example),
pulverized minerals and accelerators, and finally those active and inactive

pigments which are of such a size as to be optically resolvable. This classi-

fication has been employed in the discussion which follows.

Preparation of.Thin Sections

Certain difficulties encountered in the preparation of sections suitable for

investigation by means of transmitted light probably account for the fact

that many of the studies undertaken in this field have remained incomplete.

These difficulties arise partly from the natural resistance of the samples

toward cutting, and partly from the variable nature of the vulcanizates,

which may have properties anywhere between those of elastic soft rubber

and those of inelastic hard rubber.

The stiffness required of a satisfactory sample can be obtained either by

means of the action of the vulcanizing agents,' or by incorporating a high

proportion of pigments, or finally by a combination of both of these pro-

cedures. This variation in the possible methods of procuring the desired

stifi'ness provides still another reason why samples vary in regard to the ease

with which they may be prepared for examination. Consequently, there is

no standard method at the command of the microscopist. The surmounting

of these difficulties, however, necessitates no greater manual skill than that

which is successful in applied microscopy in the fields of botany and zoology.

The hard rubbers and the vulcanizates approaching them in hardness con-

stitute the class easiest to prepare for examination, provided they ‘are not so

loaded with coarse fillers (cotton, pumice, etc.) as to crumble when cutting

is attempted. With such samples, usable sections can generally be obtained

merely with a knife, or, more strictly speaking, with a scalpel or razor. The

procedure consists of cutting the finest possible shaving, while keeping the

blade parallel to a previously prepared surface. If the vulcanized sample is

sufficiently transparent, the constituents are all discernible in thin sections,

and it is apparent that the examination of sections having larger dimensions

is unnecessary. During examination, the sample is usually mounted in

chloroform, benzene, toluene, etc., and is held betw^een cover glass and slide

in the customary manner. In the case of permanent preparations, the sample

may be embedded in Canada balsam. The disadvantages of Canada balsam

are that the swelling eft'ect of the above-mentioned organic solvents is not

obtained, the zinc oxide particles may dissolve, and the dyes in the rubber
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plate Hi, (iruup II. Transmitted light. (Figures 5, 6, 7, 8 and 9.)

Fig, 5. Heel stock, containing light and

dark \ailverized vulcanized scrap. (Cf.

p, 655.) Thin section. Zeiss apochromat,

16 mm.

Fig. 6. Solid tire stock containing gas
black. Lamellar separation resulting from
squeezing of the thin section. ( Cf. p.

648.) Leitz~l/7.

Figures 7, 8 and 9. Tread stocks (7, 8) and solid tire stock (9). “Granulation” due to

entirely submicroscopic gas black (7). Stocks containing both gas black and various

proportions of lampblack of larger particle size (8, 9). (Cf. pages 647 and 662). Thin

section. Zeiss apochromat, 2 mm.

may fade. {See p. 654.) The unavoidable irregularities in a sample cut by

hand are not very evident in l)rigbtly lighted and slightly swelled material.

There should be no occasion for confusing these irregularities those

resulting from the structure of the sample itself. The irregularities residt-

ing from the method of sectioning can be made even less apparent by careful

adjustment of the condenser diaphragm. There is consequently no necessity

for preparing “mincralogical thin sections” with polished and carefully leveled

surfaces.

The preparation of transparent sections of flexible vulcanizates or soft

rubber goods is not so easily accomplished, although preparations can be made

in a manner different from that desci'ibed above. It appears from the litera-

ture that other investigators have suited their method of preparation to the

diaracter of the material which happened to be the object of their investiga-

tions. In the most favorable cases, it has been observed that the examinatmn

can be made without making thin sections, since the treatment with paraftn

oil or other swelling agents gives a satisfactory transparency. This method

is satisfactory for thin vulcanizates having low pigment content (cut ^heeL

for example), as well as for dipped or spread layers from which the fabric

foundation has been removed. The influence of the mounting medium on

the nature of the transmitted image is quite evident in the case of prepaia-
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tions of this latter type. When mounting in paraffin oil, the surface struc-
ture (resulting from the laminated condition of the stock) becomes almost
invisible, as do also talc and other powders on the surface. The examina-
tion can consequently be extended to the inner portions, where air bubbles
impurities of all kinds, and crystals of sulfur and of accelerators are to be
found. (Use is made of the same optical principle in the investigation of
paraffin oil preparations in reflected light, as discussed on p. 645.) In the
case of relatively large vulcanizates with low pigment content, such as slabs

and tubes, satisfactory specimens can be prepared merely by cutting thin

sections (0.5 to 1.0 mm. thick) with scissors. Such sections become trans-

parent when mounted in paraffin oil or certain other media. It is not desir-

able to wet either the blade or the riil^ber before cutting. Immersion in

paraffin oil after cutting is necessary, not only for optical reasons, but also

in order to bring any distorted edges back to their original positions. The
distortions of the surface resulting from cutting with scissors disappear when
the specimen is mounted in paraffin oil. Pressing the cover glass on the

sample or inserting the latter in the plate glass press afford useful mechanical

means of obtaining smoother samples and consequently better pictures.

In the investigation of vulcanizates containing higher percentages of pig-

ments, the requirements with respect to the preparation of the sample are

more rigid. The thickness of the section examined must be governed by the

pigment content, if useful images are to be obtained. In the case of a whole

series of heavily loaded stocks (in which the gas black content may be as

high as 80 per cent), it is often necessary to reject a large number of indi-

vidual slices before a satisfactory section can be found.

In the first attempts at the preparation of samples from vulcanizates of

this type, use was made of a razor blade. The cutting is done by hand in

this method, water, glycerol or oil being used to wet the Idade and thus

assist the operation. Although the cutting edge is moved ])ack and forth

without special pressure, it is desirable to support the rubber sample from
beneath and also from one side if possible. Pressure on the razor blade tends

to cause the edges of the cut to turn in and the blade itself to slip, especially

in the case of highly elastic vulcanizates. Despite the greatest care, the sec-

tions obtained are usually wedge-shaped. It is only around their edges that

parts suitable for microscopic examination are to be found.
As a consequence of these difficulties the more modern investigators, such

as Depew and Ruby, Green, and Ames {see p. 637), have confined their

efforts to mechanical methods of cutting in which the microtome is used.

When employing this instrument, it is necessary to give the vulcanizate a

special preliminary treatment in order to provide it with the consistency and

degree of hardness necessary for cutting. For this purpose. Depew and

Ruby used the ordinary histological method of freezing, and thereby avoided

any possible chemical alteration of the microscopic image. This advantage

makes their method indispensable under certain circumstances.

For hardening his samples. Green used a dilute solution of sulfur chloride,

which is said to impart a paraffin-like consistency to the sample when prop-

erly handled. Since this type of hardening results from after-vulcanization,

it is necessary not only to determine the necessary quantity of sulfur chloride

by preliminary experiments, but also to keep the quantity of the agent and

the size of the sample constant, if results are to be duplicated. A. solution

of sulfur chloride in carbon tetrachloride serves very well for the treatment
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qI*
reinfoiccd. conipounds of llie ticad stock t3^pc. For more clastic coni-

pottuds, such as caicass stocks, a solution in carbon disulfide may’ be used
For a preliminary examination, the concentration of sulfur chloride may

be l5 drops in 50 cc. of solvent in the first case, and 5 drops in the second.
The time required for the reaction, which is influenced by the presence of
accelerators in the compound, varies^ from one hour to several hours. The
hardened piece is finally embedded in paraffin, and fastened on the micro-
tome in such a manner that one edge is in contact with the knife. Experience
has demonstrated that the quality of the cut section is influenced by the angle
between the blade and the direction of motion and also by the angle of ap-
proach to the sample. These angles must be carefully fixed, if good results

are to be obtained. Since satisfactory adjustment of the cutting blade is

possible with the microtome, this costly instrument is recommended.
Judging by the published results, it seems that both methods give quite

uniform and transparent sections. With the sulfur chloride method, as

Green himself mentioned, care must be exercised in the interpretation of

the structures observed, since they are sometimes influenced by the hardening-

agent used. Mention should also be made of the occurrence of honeycomb
structures, which resemble the structures of fixed histological material, and
which did not exist in the original rubber sample. Such structures, which
probably develop as a consequence of the treatment with melted paraf-

fin, constitute an undesirable source of error in the case of estimations of

the degree of dispersion of fine pigments. There also appears to Ije evidence

of coagulation phenomena, which may have some connection with the above-

mentioned secondary structures. For instance, relatively large aggregates,

which do not appear under other conditions, and which are not characteristic

of the pigment concerned, were found in gas black compounds by Green
and also by Ames.^^ As a consequence of this observation, Ames attempted

to improve the freezing process as much as possible. He introduced the use

of a freezing box to eliminate the difficulties which existed in the older pro-

cedure of Depew. The results published by Ames were oljtained with

compounds which were of such a nature as to place few requirements on the

method used for the preparation of microscopic specimens.'*'

Although the results obtained furnish no reason for its rejection, the

microtome has not been very generally adopted for microscopic work of this

type. Since this apparatus is not available for general use, the discussion

below will deal with preparations made by hand. Good results are obtained

with this older method when use is made of a “double” knife, consisting of

two blades firmly fastened together in parallel planes (and ground plane-

concave). The “double” knife of Orth (or of S chieferdecker), which has

blades about 6 cm. in length, takes a section from the main body of the piece

of rubber, rather than from the upper surface or from an edge, where the

possibility of the knife's slipping would be greater. In case both its sides

are uniform and evenly ground, the knife may be placed on the rubber with-

out pressure and allowed to penetrate while being moved back and forth.

The penetration is facilitated by wetting with paraffin oil, glycerol, and the

like. The depth attained before separation of the section occurs depends on
the distance between the two blades of the knife. As a rule, a section 0.5 mm.
or less in thickness is sufficient to permit of an insight into the composition

Roy. Microscop. Soc., p. 265 (1923). Anal. Ed., 2, 421 (1930)] who has ; worked
* Translator’s Note. A recent development in out a method for mounUng rubber

_
in bass-

connection with the preparation of frozen sec- wood and freezing it with liqind air before

tions is that of T. F. Steele, lind. Eng. Chem., cutting it with a microtome.—V. N. M.



652 iMICROSCOPY OP TECHNICAL VULCANIZATES

of the mixture. The material should preferably be cut beforehand into

sections of appropriate size (about 2x4 mm. in cross section). The section

which is between the blades when the knife is withdrawn can be removed by
a probing needle without dismantling the knife.

In order to decrease the deformability of most soft rubber products, it is

recommended that the sample chosen be allowed to swell in chloroform for
several hours before cutting. When the maximum c[uantity of chloroform
has been absorbed, the sample possesses an inelastic consistency which is

much more suitable for the preparation of sections. This method possesses

an additional advantage in that the absolute thickness of the section is actually

less as a consequence of the swelling which has occurred. Since samples
prepared in this way tend to dry out rapidly during cutting, the surface

should be covered immediately beforehand with paraffin oil, which retards

evaporation of the chloroform for some time.

When used without modification the method just described gives satis-

factory results with pure gum or lightly pigmented compounds, such as

carcass and inner tube stocks, or those made from latex. Moreover, it is

also suitable for use with unvulcanized mixtures, since the sticking of the

knife to the rubber is not to be feared when paraftin oil or glycerol is present.

In the case of stocks of high pigment content, such as tread or solid tire

stocks, a special subsequent treatment must be given the sections. Relatively

good transparent sections of gas black stocks (containing about v30 per cent

of black) can be prepared by this method, since such stocks are penetrated

by reddish yellow light to a surprising degree. The difficulties are consider-

ably greater in the case of mixtures containing 30 per cent of lampblack,

since their resistance to cutting is much greater. In making preparations

from stocks of this type, the knife blades are set especially close together,

and repeated cuts are made in the surface of the previously swelled material

in order to make available a larger choice of sections.

Apart from this method, details may be revealed at the highest magnifica-

tion only by stretching the cut material to such an extent that it become^

transparent and then mounting it in this condition (in the manner already

described by Green). The necessary stretching is obtained by pressing the

section between cover glass and slide in the plate glass press. Only the best

sections are used. They are mounted in chloroform and heated to about
70*^ C. during the pressing. After several hours, the preparations, which

have dried in the press, are removed. No change in thickness occurs upon

removal. In case permanent preparations are desired, Canada balsam may
be placed around the edges of the cover glasses and warmed so that it will

form a seal for the samples.

Preparations just as good as those obtainable by the method just described

can often be made by embedding the section (cut from the material swollen

in chloroform) directly in Canada balsam in the usual mannei". If sufficient

pressure is applied just before the balsam solidifies, the sample can be im-

mediately fixed.

R. P. Allen [Ind. Eng. Chem., Anal. Ed., 2, 311 (1930')] has recently described a

useful method for the preraratir:-! rf micro-sections of rubber stocks.* A triangular

ridge is first cut on the edge -lie sample to be examined. With a small pair of dis-

secting scissors a tiny .^livcr ef r:-.i)l)Lr is cut from the crest of the ridge. The very tip

of this sliver, which should be barely visible to the naked eye, is then cut off for use.

The piece must be so small that subsequent squeezing will not cause extreme distortion of

^Und. Emj. Chem., 13, 1130 (1921). * Translator’s note by V. N. M.
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aggIoiiierates_ or destroy the relation of one particle to another. After carefully placing
the minute piece in the center ot a small drop of rosin or beeswax which had been pre-
viously melted on a^slide, the rosin is remelted and then covered by means of a cover
glass. The rubber is then squeezed out thin by pressing on the cover glass with two
suitably shaped pieces of wood, such as the handle of a small scalpel. The pressure is

maintained until the rosin hardens. Even in the case of stiff stocks, it is possible by this
method to make sections less than 1 micron in thickness.

Finally, it should be mentioned that the double knife can be used in the
preparation of sections from larger articles which are reinforced with fabric,

siidi as pneumatic tires. Such preparations can be examined by transmitted
light, provided the rubber stock itself is not too opaque. Not more than
two or three layers of fabric are cut at one time. After the sample has been
laid on a piece of cork (so that the knife will not he damaged), the section

is cut in one motion by drawing or pressing the knife through the sample.
The blades are not to be set too close together, since in very thin sections the

cords which are cut fall apart and the cohesion of the preparation as a whole
is lost. Moreover, preliminary swelling is not permissible, as it also tends
localise separation of ru]d)er and fabric. Swelling with chloroform or simi-

lar agents is particularly objectionable, since such agents tend to displace the

air from air bubbles in the fabric. This air was not displaced by the rubber
during manufacture of the article, and should therefore not he overlooked
during the microscopic study. The recommended procedure is to embed
the preparation in glycerol. x\ picture obtained with a preparation of thi-

kind is shown in Figure 10, Plate IV, page 665.

When the nature of the contact surface between fabric and rubber is to

be studied under higher magnification, a thinner section involving only a

single cord may be used. wSuch sections can be cut with the knife, pre feral dy
without using pressure. When the section includes only a single cord, ruljl>cr

will remain with the cord only at the points where the fabric is actually

wetted by or fixed in the rubber. A large part of the rubber d(')es not stay

with the fabric in such a preparation, since there is but little genuine im-

pregnation or adsorption involved, and the attachment of ruhl^cr to fabric

is largely only a superficial one. d'he same situation also exists in the case

of articles made from latex. (Tn this connection, compare Fig. 11, Plate I\"

and Fig. 23, Plate VI.)

Microscopic Studies of the Various Ingredients
IN Rubber Compounds

Color Reactions of Pigments and Filling Materials

Microscopists working in the field of biology have introduced a large num-
ber of micro-reactions which are very valuable when used as identification

tests for particles of microscopic size. Tn fact, the series of reagents which

may be used for this purpose in the case of cnmpound'ug ingredients in

rubber stocks is capable of considerable exten.-h' r.. On Y\c. basis of the

assumption that the penetration of the dye used as indicator is due to its

solubility in vulcanized rubber, oil-soluble reagents have been much in^ favor.

Among the more useful reagents may be mentioned one per cent solutions of

alizarin or alkannin in alcohol and chloroform. Such solutions are capable

of revealing interesting basic constituents by the process of forming lakes.

If the solvent mixture used contains 3 parts of alcohol for each part of

chloroform, the rate of penetration of the sample by the solution is quite

rapid. The time required for dyeing amounts to about 5 minutes, although
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it varies somewhat with the composition of the sample. Characteristic lakes
are formed by individual particles of magnesia and lime, particularly with
alizarin. This reagent also forms diffuse colors in the presence of magnesium
carbonate and zinc oxide, as is apparent in Plates JY and V. There is often
a selective coloring of the white particles of embedded factice, which is

probably to be attributed to the bases present in the latter. The zinc lake
appears to best advantage when a small amount of chloroform is added. A
lake with magnesium carbonate does not form when the stock contains a
high proportion of compounding ingredients and is over-vulcanized. Since

basic accelerators, which are never completely consumed during vulcanization,

also tend to give color reactions, it is preferable to wash the section with
alcohol and chloroform before testing for metallic oxides.

A less sensitive reaction for the detection of basic constituents is that

obtained by the use of a solution of eosin (in the form of the free acid) in

ether. By means of this reagent, magnesia and lime can be distinguished, as

they differ in the degree of fluorescence which results. This test is not to

be highly recommended, since an ultramicroscope is required and much time

is necessary. Permanent preparations can only be mounted in a glycerol-

gelatin medium, since Canada balsam dissolves the lake and causes the color

to change.

For an adequate interpretation of microscopic observations, it is necessary

that the microscopist be just as familiar as possible with all of the com-
pounding ingredients which may be encountered. Ability to recognize the

characteristic particle shapes and particle colors comes only by experience,

and should be developed by means of preliminary experiments. As is custom-

ary in biological studies, it is desirable to set up for subsequent comparison
a complete series of standard permanent preparations, each of which contains

a single typical pigment in masticated, unvulcanized crepe rubber. In the

case of zinc oxide, a concentration of 6 per cent is suitable. With other

compounding ingredients, the concentration chosen may be greater or less

than 6 per cent, depending on the specific gravity and degree of fineness of

the ingredient. Permanent preparations can be made merely by pressing a

small sample (having a volume of about 1 cubic millimeter) between a cover

glass and a slide in the plate glass press. The pressure must be sufficient so

that a layer of satisfactory transparency is obtained. Technical mixes of

known composition may also be used in the preparation of standard samples

for comparison, after they have been ‘‘diluted’’ with a suitable proportion of

masticated crepe. A set of standard preparations of this type enables the

microscopist to become familiar with many phenomena which might appear

very unusual if observed for the first time during the microscopic investi-

gation of an unknown product.

Characteristic Forms in Which Organic Diluents
Appear in Rubber Compounds

Factice (oil substitute) is not soluble in rubber, but is found in large or

small lumps of angular or spherical shape. The form and size of the par-

ticles depends upon the degree of vulcanization of the factice, or upon its

hardness and the consequent ease with which it can be pulverized. Since the

index of refraction of rubber varies so little from that of the oil substitutes,

the latter can be recognized in a rubber stock only after careful regulation

of the diaphragm of the condenser. Factice having a high sulfur content



INVESTIGATIONS BY TRANSMITTED LIGHT GS5

can be more easily recognized, as a consequence of its brownish vellow color.

^Scc Figs. 16 and 20, Ldatc V, p. 666.)

Mineral rubber contains insolul)le gritty constituents which may be dis-

tinguished from facticc^ on the basis of their greater fineness and more
intensive brown color. The appearance of mineral rubber in rubber stocks

is
illustrated in Figure 10, Plate IV and Figure 23, Plate VL
In the investigation of mixes containing reclaimed rubber, it is observed

that particles of rubber which have not been regenerated are present in nearly

ail types of “reclaim.” These particles of powdered, vulcanized scrap are as

large as or larger than the particles of factice. Often the presence of re-

claimed rubber in a stock can be proved only by the presence of these particles,

as other definite indications may be lacking. Such is frequently the case in

the carcass stocks of pneumatic tires, for instance.

The identification of finely pow^dered vulcanized scrap is possible on the

basis of the amount found present, and also in most cases on the basis of the

great fineness which these particles must usually have in order to produce the

desired effects. Additions of this type can also be detected, when stocks

containing them are made into cements. In many cases, some conspicuous
filler in the pow^dered scrap can be recognized. Thus in cheap red stocks

containing tube scrap colored with golden antimony, the yellowish red

color of the antimony pentasulfide becomes apparent^ by transmitted light.

Identifications on this basis are also often possible when the scrap contains

zinc oxide, carbon black or certain other pigments. In Figure 5, Plate III, is

shown a thin section from a heel stock. The striking color of a section con-

taining antimony pentasulfide is illustrated in Figure 15, Plate

Characteristic Forms in Which Minerals
Appear in Rubber Compounds

Characteristics by means of which the coarser pulverized minerals can be

recognized microscopically in vulcanized rubber are not as prominent as in

the case of organic diluents.

Sulfur particles can be detected in a freshly prepared stock as a consequence
of their high index of refraction and their sharp contours. The sizes and
shapes of the particles change, however, even when the stocks are merely

stored for a long time in the unvulcanized state. (A growth of large crystals

at the expense of small particles occurs.) During the vulcanization of mixes
having relatively low sulfur contents, the sulfur may disappear entirely from
the field of view\ Among finished products, it is only in hard rubber com-
pounds which have not been properly vulcanized that sulfur particles may
be found in their original form. In other vulcanizates (particularly that

type without accelerators, which was formerly very common), the unused
sulfur appears in time as a more or less dense crystallization. This crystalliza-

tion, which has often been pictured and described in the literature, permits

certain conclusions to be draAvii regarding the degree of vulcanization and
the presence or absence of accelerators.

Litharge, which appears in unvulcanized mixes in the form of yellow or

reddish-yellow particles having a plate-like structure, becomes difficult to

recognize in vulcanized stocks, in which it forms black lead sulfide. Never-

theless, identification is possible as a consequence of the characteristic “halo”

of lead sulfide which forms around each particle of litharge. An intense

yellowish-brown to brownish-violet color by transmitted light is apparent
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with litharge in the case of mixtures containing accelerators. A less striking
coloration is to be observed in the presence of magnesium carbonate (in the
solid tire stocks of several years ago, for example). Colors deviating from
those with other accelerators are present in mixes containing Vulkacit P
(piperidinium pentamethylenedithiocarbamate)

The individual particles of other pulverized minerals which find use as
fillers in rubber stocks do not always exhibit characteristic forms or colors^

As a laile the finer particles cannot be determined, and it is only with the
coarser particles that microscopic methods can be used with any assurance of

success. In mixes containing either infusorial earth or the so-called marine
chalk, the well-known natural forms of these materials can be recognized.

For the detection of infusorial earth (in tennis balls of English manufacture,
for instance), a relatively high magnification and careful adjustment of the

condenser diaphragm are necessary. Particles of heavy spar (barytes)

can be recognized by the arrangement of the fractured edges (as in repair

patches for treads), while powdered glass is characterized by the shattered

and rounded particles, and corundum by a blue-black coloration.

Talc is also of interest, since this material is to be found in almost all

vulcanizates, especially those made wholly or in part from compounds which

have been processed considerably. Relatively large needle-shaped particles

may be seen, provided they are lying edgewise in the thin section being ex-

amined (section from a bicycle tube, for example). The identification uf

talc is seldom a matter of importance, since the quality of the stock is gen-

erally not appreciably influenced by the presence of this material.

There is no definite characteristic by means of which the different kinds

of kaolin can be identified. The finest particles, which must be present if

kaolin is to produce the effect expected of it, cannot be seen by transmitted

light, while the larger gritty particles have irregular and varying shapes. Only
with certain grades of English origin is there a characteristic form (fan-

shaped) which may be used for purposes of identification.^^ {Sec Fig.

14, page 665.) The difficulties encountered with other powdered silicates,

which are often present only as carriers for organic dyes, are similar

to those with kaolin. A qualitative microscopic analysis of the individual

mineral particles in a stock (especially when a mixture is present) cannot be

made without the help of a polarization microscope.

In fact, the determination of the degree of fineness of the visible mineral

particles is generally more important than is the qualitative analysis with the

polarization microscope, since the effects produced by the minerals are usually

determined by their fineness, rather than l)y any of their specific properties

(such as particle shape, for instance), SchippeP^ observed microscopically

that particles of barytes are in loose contact with the rubber substance, and

become separated from the latter during elongation of the vulcanizate. The

same has since been found to be true for various minei'als with different

degrees of fineness. Notable exceptions include litharge, lime and magnesia,

the particles of which seem to be more fit'inly fixed in the rubber after vul-

canization than before. This behavior of the minerals enables a niicroscopist

to isolate them during the swelling of the preparation in chloroform. Even

the- finer individual particles of kaolin, chalk, etc., in the swollen section are

found to be either surrounded by an empty space or entirely separated from

the section. A typical porosity in the stock, corresponding exactly to the

i^SeePoHe, Kolloid-Z„ 39 , 1 (1926). i. hid. Emi. Chem., 12, 33 (1920).
i^Dk-k. Mineralog. Mag. (1908).
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shape of the particles, is thus produced. This effect is also to be observed
in

unvulcanized mixes, and is likewise encountered during the microscopic
examination of torn sui faces. The study of torn sections shows that even
particles of sulfur and of accelerators may easily become loosened from the

rubber matrix. explanation is thus provided for many troubles en-
countered in vulcanization (those occun-ing with so-called "air-curing,” for

example).
. , . ,

The effect of the mineral particles, which consists in a more or less com-
plete ‘‘loosening up” of the vulcanizate, is not much different from that of

any foreign body. The extent of this effect is best revealed by a determination

of the average particle size.
^

Ihe shape of the particle seems to play a minor
part, ^ matter of significance only in the case of talc. An approximate
determination of the maximum or average value of the particle size can be
obtained by use of objective and ocular micrometers. Since so many particles

are lost in cutting a section, the recommended procedure is to make use of a

preparation consisting of grindings, when determining the particle size of

the minerals in a heavily compounded stock. A knowledge of the degree

of fineness is valuable when it is desired to imitate an unfamiliar stock in

the matter of resistance to rubbing, grinding, or wear. It has been established

that the degree of fineness of the minerals in a stock exerts an influence on
the cutting blade of the bias cutter or similar machine. An interesting rela-

tion between the porosity of inner tubes and the particle shape and maximum
particle size of the talc in the stock has also been found to exist.

Since the various manufacturing concerns have different specifications with

regard to the degree of fineness or of pulverization of the minerals used, it

is not worth while to present the results of very much microscopic work on

such minerals. The maximum particle size of the minerals found in various

rubber products is usually about as follows :

Powdered heavy spar (barytes) 0.05 mm.
Powdered mineral chalk 0.09 to 0.12 mm.
Marine chalk 0.05 mm.
Powdered kaolin 0.12 mm.
Talc 0.25 mm.

In order to make satisfactory comparisons, it is obviously necessary to

bring the two objects into the same field of view at the same time. This

can be done either by use of a comparison microscope with two tubes or of

a comparison ocular as a bridge between two individual microscopes (made
by Leitz or Zeiss). As far as the preparation of thin sections of vulcanizates

or of other specimens is concerned, practically the same conditions must be

maintained for a comparison preparation (including both unknown and
standard) as for a single preparation. This matter has already l^een discussed

in connection with the testing of raw materials^® The adjoining thin sections

of vulcanizates or specimens from unvulcanized mixes are so placed between
slide and cover glass that a sufficiently sharp line of contact can be obtained

by the application of pressure. When this line of contact is brought into the

middle of the field, it is possible to determine any fine differences in color

tone or in turbidity which exist between the two sides of the field of view.

In the evaluation of these comparison preparations, it is advantageous to

beep in mind the photometric assumptions which are applicable to such a

"half shadow” comparison. The investigation should he made at the lowest

possible magnification, since the more highly magnified view of single par-

^®Pohle, Z. wiss. Mikroskop., 44, 183 (1927).
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tides does not permit the boundary line to be discerned with exactness. As
a further requisite, only preparations showing a distinct line of contact should
be used. The boundary line shown in Figure 21, Plate V, is a very un-
satisfactory one. In some comparisons, it is desirable to increase the con-
centration of the minerals, since the sensitivity of the comparison increases

with increasing concentration. The specific gravity is not the only criterion

for deciding on the amount of a coarse pigment or powdered mineral which
should be put into a stock when it is desired to duplicate the characteristic ap-
pearance of the fillers in rubber. The degree of fineness must also be given
consideration. The concentration of the fillers in technical vulcanizates is

usually high enough so that a sensitive microscopic comparison can be made
between the unknown product and a duplicate compounded on the basis of a

chemical analysis.

Since the concentration of compounding ingredients and the thickness of

the section can be adjusted so as to be the same on both sides of the line of

contact in a comparison preparation, it is possible for differences in the color-

ing power or the covering power of the fillers to be revealed. A finer state

of pulverization leads to an increase in the covering power; that is, an in-

crease in the turbidity of the specimen. The coloring power of colored

fillers is naturally greater when the fillers have been more finely ground.

Since the intensity of luminous radiation is somewhat dependent upon the

fineness of a powder, differences in the fluorescent effects observable when
examining two samples by reflected ultra-violet light may be traced to dif-

ferences in the degree of fineness of the fillers present. By having available

sulfur, ultramarine, litharge, chalk, etc. in different degrees of fineness, the

specific characteristic form in which a given mineral occurs in an unknown
stock can be readily determined.

Characteristic Forms of “Active” and “Inactive” Pigments'^'

Usable pictures of the characteristic forms of such of the finer pigments

as are completely or partially resolvable in the microscope can be obtained

by means of comparison preparations of the type discussed above. Com-
pounds suitable for such studies include those containing such pigments as

the commercial varieties of clay, basic magnesium carbonate, zinc oxide,

certain blacks, antimony pentasulfide, iron oxide, titanium oxide, zinc sulfide,

and a series of organic dyes. Common to all these pigments is the fact that

they consist not only of particles with sharply outlined contours, but also

generally of a “granular” fraction, the particles in which are either colloidal

or nearly colloidal in size. (It is not surprising that uniformity in the de-

gree of subdivision of a pigment is not obtained by the commercial methods

of manufacture used.)

An attempt has already been made to set up a system of -classification which

would distinguish between active and inactive pigments on the basis of the

proportion of colloidal matter present. In the case of carbon blacks, this

differentiation is based on the striking fact that vulcanizates containing a

pigment such as inactive “Thermax” (thermatomic carbon) are the only

ones showing well-defined particles of carbon (Fig. 27, page 667), whereas

those containing active (reinforcing) channel black in the same concentra-

* Translator’s Note. Since the author of this a slightly more restricted sense than that

section has placed the pulverized minerals in covered by the definition on page 374.

—

a separate class (discussed above), the word V. N. M.
"pigment” is here used by the translators in
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show no particles resolvable even at high magnification. With the

channel black stocks, the niicroscope reveals only a fine “granulation” (Fig.

24,
Plate VI), such as is to be expected from a dense dispersion of

colloidal particles. Between these two extremes are numerous carbon Idacks
(representing transition stages) which seem to show both “active” (rein-

forcing) and “inactive” properties in rubber stocks, and which are found
microscopically to contain both well-defined, non-colloidal particles and col-

loidal particles which cannot be resolved. In microscopic evaluations, it is

therefore better to distinguish between active and inactive particles or par-

ticle fractions rather than between active and inactive kinds of compounding
ingredients, since the “transition” pigments or pigment mixtures found in

the majority of vulcanizates are more readily characterized by the former
system. Consequently the first interest of the microscopist lies iri the de-

termination of the relative proportions of colloidal (active) and non-colloidal

! inactive) particles present in a specimen, and it is only in particular cases

that an estimate of the absolute particle size has to be made.

The problem is not such a simple one with all pigments. For example,

the optical properties of basic magnesium carl^onate and of kaolin are so

similar to those of ru])l)er that, even in concentrated mixtures, only the

coarsest particles can be recognized. On the other hand, carbon black, zinc

oxide, antimony pentasulfide and certain dyestuffs (which can be finely

dispersed) make themselves evident in rubber stocks, even though they are

in the colloidal state. Their capacity for accomplishing this result is to be

attributed to their high index of refraction and good reflecting power.

Although basic magnesium carbonate and kaolin may l^e incorporated (by

suitable processing) in stocks which remain practically transparent, the same
is not true for the active fractions of carbon Idack, etc. Even with the most
careful processing, these latter do not lose their covering power, except with

respect to the longer wave lengths of the visil)}e spectrum (and with them
only partially). It is observed that with rubber mixes containing sub-

microscopic carbon black, zinc oxide, or antimony pentasulfide, there is a

microscopic transparency of the thin sections to reddish-yellow light, which
is characteristic of colloidal dispersions of these materials in other media.

No particular magnification is required for the detection of these pigments

in rubber. With the above-mentioned “transition” pigments, \vhich do not

contain colloidal particles exclusively, or with prepared mixtures of active

and inactive pigments, it is observed that the transparency to reddish-yellow

light exists, although it is more or less concealed by a gray color. In such a

case, it is necessary for the microscopist to use a higher magnification to

determine whether he is dealing with a uniform kind of pigment or a pre-

pared mixture. Examples of these two possibilities are shown in Figure 25,

Plate VI and in Figs. 8 and 9, Plate III respectively. Only in the limiting

case of the so-called “inactive” pigments is the color clear and the general

appearance unecjuivocal. The color of rubber containing one of these ma-
terials is usually almost a pure gray, since the optically resolvable particles

present exhibit a certain covering power with respect to the visible field as

a whole. This “neutral gray” is also to be observed in the case of the ex-

amination (at low magnification) of stocks containing such colored pigments

as iron oxide or antimony pentasulfide, provided the diaphragm of the sub-

stage condenser is not opened too far.

When it is a matter of finding a very small proportion of reddish-yellow
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to brown in the transmitted light (that is, when dealing with compounding
ingredients which are estimated to contain not over 5 per cent of “active”
particles), it is necessary to exceed the usual concentration of the pigment
in the mix (which is generally 1 or 2 per cent) somewhat and to cut down
the thickness of the section proportionately. This necessity is especially

evident when a sensitive comparison of materials is being attempted. As far
as the microscopic analysis of commercial vulcanized products is concerned
very favorable conditions usually prevail, since those pigments which have
a low content of submicroscopic particles must be used in high concentration
in order to obtain any appreciable “activation’’ (reinforcement) of the rub-

ber. In case the concentration of such pigments is so low that a satisfactorv

determination of the proportion of colloidal particles is not possible bv
means of the light transmitted, the microscopist is generally spared the trouble

of attempting a determination, since the colloidal particles at such a great

dilution no longer exert a specific influence of any practical significance.

Examples of the transmitted colors characteristic of the various kinds of

zinc oxide, carbon black, and antimony pentasulfide commonly encountered

during the examination of manufactured products have been assembled in

Figure 28. These colors have been reproduced directly from thin sections

of the original mixtures of pigment and rubber. Since the color tone has

been found to be somewhat dependent on the size of the opening in the

diaphragm through which the light passes, a uniform adjustment of the

diaphragm was maintained throughout the work on the comparison of trans-

mitted colors. (Seep. 667,)

The first series of pictures in Figure 28 shows the absorption colors of

different kinds of zinc oxide. The nearly gray color of the third reproduc-

tion is especially easy to detect. This color is found for instance with the

“Horse Head” brand of American zinc oxide and of various grades of zinc

gray and zinc white, the average particle size of which has been increased

by reheating subsequent to original manufacture. As has been mentioned

by Green, the color of the light transmitted by a mix of this kind, when
examined under high magnification, corresponds to that characteristic of

well-shaped individual particles of known crystalline form. Since it has been

established that the domestic (German) brands of zinc oxide have crystalline

forms which are less well defined, the detection of the various grades of

zinc oxide of American origin is not very difficult. If the microscopic studies

are extended to include the use of ultra-violet light, it is observed that thin

sections containing the American types of oxide can be easily distinguished

from those containing domestic brands as a consecjuence of the fact that the

former contain no particles which exhibit a blue-green fluorescence."^

A reproduction of a mix containing a well-knowm domestic “Red Seal

(Rotsiegel)” zinc oxide is presented in the second picture (Figure 28). A
considerable content of colloidal particles, which transmit red and yellow

light, is evident. The more expensive “Green Seal” or “White Seal” grades

do not appear to give microscopic pictures differing essentially from that

shown for the “Red Seal” product. Since both reddish-yellow and gray

i‘/. Franklin Inst., 192, 637 (.1921).
* Translator’s Note. At the present time there

are so many types of zinc oxide of American
manufacture that these generalizations would
scarcely be expected to hoVl strictly.

The
_
microscopic study of pigments using

ultra-violet light has been discussed recently
by G. S. Haslam and C. F. Hall [/. Frank-
lin Inst., 209, 777 (1930); /. Optical Soc.

Am., 24, 14 (1934)]. The advantages to be

gained by the use of ultra-violet photomicrog-

raphy in the determination of the average

size of pigment particles which approach the

limit of resolution of the ordinary microscope

are described by these investigators, as are

also the results of studies of pigment mix-

tures and co-precipitated pigments.- . N. M.
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colors are evident in the transmitted light, it is not surprising that a relatively

jgfge nitniber of well-cleniiecl pa.! tides are also to l^e observed durin^y ex-
amination under high magnification. ^

^^Kaclox” zinc oxide (pictured in Field 1), as well as certain similar Ger-
man grades nianufacturecl in Hamburg, gives a clear picture showing the
niudi more intensive reddish-yellow coloration which is indicative of a high
content of colloidal particles. Microscopic examination shows an almost
complete absence of resolvable particles, especially in the case of “Kadox.”
There is to l)e observed a ‘‘granulation” of reddish-yellow color, which can
be differentiated only with the ultramicroscope. {See “Investigations in the
Dark Field”: p. 672, Fig. 213, Type III.)

When desired, relatively exact determinations of the type of zinc oxide
present in a highly concentrated mix can be made on the basis of the
characteristics discussed above. A thin section of a known mix of approxi-
mately the same concentration is used for comparison. Both samples are
brought to the same thickness l)y pressing them in the plate glass press. It

is then possible to establish^ whether the zinc oxides used are of the same
type or Avhether they are of different particle size. The case in which the

results are rendered doubtful as a consequence of the use of a mixture of

fddes of different degrees of fineness is seldom encountered.

The second series (Fields 4 to 6, Figure 28) shows the transmitted colors

characteristic of different kinds of carbon black which are frequently to be

found in products of European manufacture. These reproductions were
made under low magnification and under the same conditions as those of

the stocks containing zinc oxide. The results of microscopic inve.stigations

of these mixes, together with that of one containing thermatomic carbon,

are shown in Figures 24, 25, 26, and 27, Plate V\.

In Field 6 is shown an example of a heavy lampblack, the transmitted

color of which approaches but does not entirely correspond to a neutral gray.

In sufficiently concentrated mixtures, the color is found to have a reddish

tinge. Microscopic examination of such mixtures reveals sharply defined

particles of characteristic growth forms (dendritic). (See Fig. 26, Plate

VI.) The nature of the formations observed has often led to the con-

clusion that coagulation occurs during vulcanization. The size of these par-

tides is about the same as that of a normal zinc oxide, such as the “Red Seal”

brand. This similarity in size is evident from Figure 9, Plate III, in which
the two pigments are shown together. Comparison of several lampblacks

manufactured by different companies shows that there are many different

types, which may be distinguished on the basis of color tone, and furthermore
that the size of the well-defined particles varies considerably^ within the

product from any one plant. For example, the “Durex” grade of commercial
iilack contains numerous particles which are spherical in shape and relatively

fewer of the usual coarse particles with shapes characteristic of crystalline

growth. Nevertheless, the transmitted color in the case of a black of this

type is not strikingly different from that usual with lampblacks.^®

A more bluish-gray transmitted color is indicative of “Thermax” (therrna-

tomic carbon) rather than lampblack. The investigation of mixes^containing
“Thermax,” even with the ultramicroscope, fails to reveal “active” particles,

but shows instead clearly visible spherical particles. On the basis of these

The
_
relatively small proportion of colloidal

particles which influence the transmitted color
of this type of lampblack cannot be observed
at all with bright field illumination. If neces-

sary, these finer particles can be detected in

the dark field, owing- to the fact that they

scatter blue light.
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observations, it is easy to distinguish thermatomic carbon particles from the
irregularly shaped lampblack particles of the same average size. (Fio- 27
Plate VL)

^

’

The best grades of domestic (German) lampblack, in contrast to those

discussed above, show a transmitted color of medium shade, as is illustrated

in the fifth picture of Figure 28. In highly concentrated mixtures with
rubber, such a black exhibits a color tone which is distinctly reddish. Under
the microscope, there is evident a very fine ‘‘granulation’' which cannot be
entirely resolved, even at high magnifications. Only a few black particles

of the same size and shape as those present in heavy grades of lampblack are

to be seen. To distinguish these two classes of lampblacks microscopicallv

is of interest, since 25 per cent of the better class in a rubber stock shows an
“activating” (reinforcing) effect, whereas at least 40 per cent of the heavier

grades is required to give a similar effect.

In the fourth field is reproduced the reddish-brown transmitted color ex-

hibited by stocks containing reinforcing American gas black in the same
concentration as that of the lampblack stocks just discussed. The picture

obtained with gas black possesses a clearness resembling that characteristic

of “Kadox.” Even at the highest magnification clearly defined gas black

particles cannot be seen. (Fig. 24, Plate VT.) The only particles visible

(and these are also to be seen in the so-called “aerfloted” black) are isolated,

round, graphitic particles, which alv-ays accompany gas blacks and which are

of the same order of size as inactive thermatomic caribou. ( Fig. 7, Plate

III.) Characteristic deviations in the transmitted color of gas blacks as a

consequence of variations in the number of graphitic particles present are

seldom encountered in vulcanized rubber goods. Although blacks showing

transmitted colors which deviate from each other for this reason do exist,

they are seldom used in the rubber industry. An explanation of the typical

differences in the effects on the physical properties of stocks produced by

different gas blacks can often be obtained by the use of the microscope.

Thus the differences in the effects produced by “Arrow 4” and “Arrow 6”

blacks can be attributed to the fact (observed microscopically) that the former

has a higher degree of fineness.

As a rule, it has been found that American products containing gas black

(tire treads, for instance) are more easily analyzed than those of European
origin. In most American stocks, zinc oxide and undispersed black are to

be seen, as is also thermatomic carbon in the cheaper products. Combina-
tions of this type readily lend themselves to microscopic analysis. Types of

carbon black having about the same degree of fineness as lampblack (Gastex

and Flex-black, for example), which have been recently developed in several

forms, do not yet seem to have been adopted by the industry to any great

extent. In contrast to American products, those manufactured in Europe

contain not only all kinds of lampblack, but also mixtures of such with gas

black. These mixtures are not easy to evaluate microscopically, and the

estimation of their technical effects in rubber is difficult.

Three samples taken from the treads of well-known tires (manufactured

in 1927 or 1928) are shown in Figures 7, 8 and 9, page 649. Figure 6 shows

the appearance of gas black (in an American tread stock) at a magnification

of about 800X> when nothing else is present save scattered particles of zinc

oxide not seen in the section shown. In the English stock shown in Figure 7,

it is evident that a small amount of lampblack has been used with the gas

black. A much higher proportion of lampblack, together with some zinc
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oxide of about the saiue paiticlc size, is apparent in the French stock (Fig.

9). In addition, certain European treads contain two layers, the lower and
larger of which contains lampblack and zinc oxide. "The thinner upper
layer (veneer) consists of a gas black stock. {^See English products shown
in Fig. 21, 666.) Typical solid tires seem to contain lampblack with
very little gas black (Figure 9, Plate III) or lampblack alone ( Figure 22,

Plate V).^^

Exact determinations of the identity and degree of fineness of lampblacks
are best made when

^

one or more mixes containing known lampblacks are
available for comparison. A small amount of gas black in the presence of
lampblack can only be determined with certainty in the dark field. {See
‘Investigations in the Dark Field,” p. 675.) No trouble is caused Iw any
zinc oxide present, since this pigment is usually present in small quantity,

and it dissolves after a time in the Canada balsam in which the preparation

is embedded.

The third series (Fields 7 to 9, Figure 28) illustrates the transmitted

colors characteristic of various grades of golden antimony (pentasulfide)

,

which are frequently found during analysis. In the case of the antimony
sulfides (tri- and penta-), there exists no such simple relationship between
particle size and transmitted color as is found with zinc oxides and blacks.

In fact, the various trisulfides show both variegated and pure transmitted

colors, whereas in the case of the pentasulfide the colors are red to yellow.

When a pure transmitted color is obtained with antimony trisulfide, it is

found that the sample being examined is characterized by great uniformity
in particle size. Variegated colors are seldom obtained with technical vul-

canizates, since such colors are characteristic of a type of trisulfide which is

not used to any great extent. The most common deep red and bright red

grades yield a tinted gray color, which is easy to identify, and which indicates

that the particles are not colloidal. The gray color may be tinted weakly
blue-violet, red-violet or blue-green (varying with the method of preparation

and with the transparency of the particular sample of pigment). Under the

microscope the particles are all visible and well-defined, as are those of

“inactive” blacks. No particles which scatter blue light are revealed by the

ultramicroscope.^® Particles of colloidal size occur only in the grades which
give transmitted colors of almost pure yellowq resembling those obtained

with the antimony pentasulfides.

On the other hand, submicroscopic particles are found in all types of

pentasulfides, three of which were used in obtaining pictures 7 to 9 (Figure

28). The transmitted colors shown approach those of the finer zinc oxides

and the gas blacks. The results of color photography thus confirm the ex-

perience of rubber compounders who include golden antimony among the

pigments having some reinforcing power. The especially fine grades (pre-

dpitated with 50 per cent of sulfur) give a transmitted color which is a

very bright yellow (Field 7), whereas the slightly coarser grades (17 to 20
percent of sulfur) and the so-called pure grade (6 to 10 per cent of sulfur)

yield a solid orange-yellow (Field 8). Even at the highest magnification

with the microscope, no clearly visible particles are evident, except for grit

particles which cannot be dispersed and which seem to be^ unavoidable in

the method of manufacture used. Figure 15, Plate V is illustrative of a

For tlie past several years solid tires have also sion much better than does^ the stock compris-
been manufactured with a veneer or relatively ing the main body of the tire. N. M.
thin upper layer consisting of a highly rein-

ir n t ^
forced (gas black) stock, which resists abra- See Pohle, Kollotd-Z.t 39^ 1 (1926).
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mix containing antimony pentasulfide of the type pictured in Field 8
Figure 28.

Types of pentasulfide of high coloring power, which have thus far not
been produced in Germany, are capable of giving a transmitted color which
represents a transition stage between those of the trisulfides and those of the
usual pentasulfides. Such grades are to be observed in products of French
or American origin. The transmitted color (Field 9), which is a somewhat
cloudy, dull red, indicates ‘that a mixture of particles of various sizes is

present, hlicroscopic examination reveals both well-defined particles and
finer, unresolvable ones. The latter are evidently not of such a size as to

permit of an orange color, as there is no evidence of orange or yellow in the

color obtained. The degree of fineness seems to be about the same as that

of the finer lampblacks. The differences between pigments of this type can
be better revealed by dark field examination (see p. 674). In the literature-^

are to be found the results of analyses of antimony sulfides of English,

French, and German origin.

Specimens for the study of various grades of antimony sulfides can be
obtained from automobile inner tubes of older manufacture and also from
gas tubing, rings for sealing bottles and jars, and surgical articles. These
products, which at times contain both pentasulfide and trisulfide, cannot be

evaluated completely except at high magnification. Characteristic micro-

scopic pictures can also be obtained from the cheaper grades of red vulcani-

zates which contain ground vulcanized scrap. Any pieces containing anti-

mony pentasulfide stand out in such stocks because of their reddish-yellow

color, which can be distinguished in a matrix colored with the trisulfide.

Dispersion series corresponding to those shown in Figure 28 can be pre-

pared in the cases of various iron oxides, dyes, or other pigments. How-
ever, the practical importance of such studies is not very great, since these

compounding ingredients are not ordinarily incorporated in rubber stocks

in quantities sufficient to affect the properties of the latter to any extent.

Great familiarity with the degree of fineness of such pigments is not gen-

erally necessary, when the problem is one of evaluating a vulcanizate of

unknown composition. The shades of color of these pigments themselves

provide the simplest criterion of their value. Titanium oxide constitutes the

only certain exception to this statement. The occurrence of a pure (bluish)

white color, Avhich is characteristic of many grades of titanium oxide, is

closely related'to the degree of dispersion of the pigment in rubber, and makes
justifiable a subsequent examination of the stock.

Investigations in the Dark Field

Although examination in the dark field is often .desirable as a control for

bright field examination, it is seldom feasible, since the sensitive optical

equipment used puts severe requirements on the nature of the preparation.

The arrangement of Siedentopf
, which consists of a powerful ultra-condenser

in combination with a highly concentrated source of light, is recommended
for investigations of this type. The procedure for such an examination is

the same as that of the bright field examination of a thin section or layer

which has been brought into the focal point of the condenser. It has been

found that the concentration of pigments in the rubber product to be ex-

amined is not a matter of great importance with this method, but that (in

Shirk and Wilson, India Rubber World, 66, 612 (1922).



Fig. 12. Coloration of magnesium car-

bonate and lime with alizarin in an un-
vulcanized stock. Sulfur and litharge also

present. (Cf. pages 654 and 656.) Thin
section. Zeiss apochrumat, 16 mm.

Fig. 10. Radial section through the car-

cass of an older Goodyear tire. Individual

cords cut perpendicularly and held to-

gether with dark brown rubber compound.
Alizarin coloration of stock between plies

made possible by accelerator present.

(Cf. p. 653.) Thin section. Zeiss apo-

chromat, 16 mm.

Fig. 11. Breaker fabric ,
imbedded in a

pigment-free layer of latex (older Good-
year construction). Fiber below; rub-

berizing compound above. (Cf. p. 653.)

Thin section, Leitz— 1/7.

Figures 13 and 14. Latex vulcanizates

exhibiting irregular dispersion of zinc

oxide, lampblack, and kaolin (grit with

fan-shaped structure) ,
prepared by means

of the older Anode process. (Cf. pages

647 and 656.) Thin section. Leitz—1/7,



C66 PLATE V

Fig. 15. About 20% of anti- Fig. 16. 5% of zinc oxide Fig. 17. 4% of relatively
mony peiitasullide (predom- and pieces of brown factice coarse antimony tnsulfide.
inantly submicroscopic). (oil substitute).

Fig. 18. About 10% of an- Fig. 19. Organic dyestuff, Fig. 20. Zinx oxide, pieces

timony sulfide and some partly dissolved (bright _yel- of factice, and magnesia
pulverized mineral (chalk). low) and partly crystallized (stained with alizarin).

out. Zinc oxide also present.

Figures 15 to 20. Various compounding ingredients in inner tube stocks with high rubber
content (after normal processing). ((Zf. pages 647, 654, and 663.) Thin section. Zeiss

apochromat, 2 mm.

Figures 21 and 22. Normally processed black stocks containing a high proportion of pig-

ment. Tread stock with colored “granulation” due to gas black, and adjoining base stock

with coarser lampblack (21). Solid tire stock containing lampblack but no gas black (22).

(Cf. pages 658 and 663.) Thin section. Leitz—1/7.



Fig. 23. Rubberizing compound near the cord

(partly stained with alizarin). Insoluble pieces

of mineral rubber visible. (Cf. pages 653 and

655.) Thin section. Leitz—1/7.

Fig. 25. Fine grade of lamp-

black (partly submicro-

scopic), exhibiting coarser

“granulation.”

Fig. 24. Submicroscopic gas

black “granulation.”

Fig. 26. Heavy lampblack. Fig. 27. Thermax.

Fig. 28. Transmitted

colors of various finely

dispersed pigments. Zinc

oxides (1 to 3 ) . Blacks

(4 to 6). Antimony
pentasulfides (7 to 9).

(Cf. pages 660 to 664.)

Reproduced from orig-

inal layer. Natural size.

1

Figures 24 to 27. Typical appearance of stocks containing

about 40% of common blacks. (Cf. p. 661.) Thin sec-

tions. Zeiss, 2 mm.



668 PLATE VII, Dark Field

Fig. 29. Lampblacks having different degrees of fineness and showing different dispersion

cokrs (about 1% concentration in the rubber). (Cf. p. 674.) Thin section. Leitz—l/?.

Fig. 30. Solid tire stock, containing zinc oxide and larnpblack, but without a perceptible

content of submicroscopic particles. (Cf. p. 675.) Thin section. Leitz—1/12.

Fig. 31. Luminescence in

the dark field (transparent

vulcanizate). (Cf. p, 670.)

Thin section. Dark field

Figures 32 and 33. Inner tube stocks, containing a fine

(left) and a somewhat coarser grade (right) of golden

antimony. (Cf. p. 674.) Thin section. Leitz—1/7,

diaphragm. Zeiss apochro-
mat, 16 mm.
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contrast to bright field examination) consideration must always be given both
to cloudy and to bright spots in the rubber substance itself. Such spots
constitute a significant source of^ error in the study of fine and weakly re-

flective pigments in rubber. It is therefore advisable not to use dark field

microscopy as a quantitative method of analyzing stocks of low pigment
content, but rather to limit it to qualitative estimations based on the use of
comparison preparations.

Certain results obtained with technical stocks, in which the pigments were
in part colloidally dispersed, are discussed below. From these it can be
seen that estimations of practical importance can be made from general (large

field) pictures which are not of such a nature as to permit of numerical
determinations.

For a quantitative evaluation (with respect to a standard sample), em-
ploying the w^ell-known methods of ultramicroscopy, an especially favorable
example, such as that of the various grades of zinc oxide, is necessary. This
process is usable with only a few pigments, which reflect light unusually well

and which consist of well-defined particles.

The dark field phenomena in the rubber substance itself, and the causes
therefor, are only partially understood, since the standard necessary for

satisfactory comparison—optically clear rubber—has never yet been pre-

pared. As far as can be learned from the study of pure gum vulcanized

samples, it seems that the bright spots observed arise partly from Tyndall
phenomena and partly from luminescence phenomena. In addition to cloudy
inhomogeneities, there are often bright radiations, which are to be distin-

guished on the basis of color and intensity from the similar effects produced
by the fluorescing of dissolved compounding ingredients. Provided no added
materials are present to obscure the phenomena, these spots are micro-

scopically visible with ultra-violet light, a bright bluish-green fluorescence

being evident. This fluorescence constitutes a source of error in connection

with luminescence analysis which has heretofore not been given consideration.

(For a discussion of recent investigations of the fluorescence of rubber and
rubber pigments, see page 642.)
In very transparent rubber goods, it has been found that the intensity of

fluorescence of the rubber substance is influenced by the sulfur content, by
the accelerator content, and by the degree of heating. Accordingly, it may
be concluded that an irregular distribution of intensity in the microscopic

field of view is the result of irregular vulcanization or irregular distribution

of the vulcanizing ingredients. Moreover, microscopically large zones of

overvulcanization, such as parts of the carcass of a tire which had developed

a high temperature while running, can be recognized as a consequence of the

accompanying bright radiation. (Also see p. 645.) Such bright zones in

toks of low pigment content are especially disturbing, since, during their

Examination in the dark field, all of the section illuminated by the condenser

emits radiation. As a result, it is generally necessary in such work to use a

colorless filter of quinine sulfate (as an acidified solution in a 1 cm. bulb),

^hich absorbs the exciting radiation. Conversely, dark field investigation

of the microscopic distribution of intensity is best carried out with visible

light excluded. The simplest method of removing the visible light is to make
use of an ultra-violet "‘black’" glass filter (perhaps supplemented by a copper

sulfate filter, consisting of a concentrated solution in a 3 cm. bulb) in front

of the source of light. The copper sulfate filter is only necessary when it i^
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desired to keep out all of the red light. The extreme red not absorbed by
the ultra-violet filter glass is frequently not undesirable, since by means of it

the investigator can obtain a picture of the non-luminescing details in bluish
red. The connection between the luminescing and non-luminescing elements
can thus be established.

The simplest determinations of this kind can be made without the use of
a special quartz condenser. They require, of course, a frequent re-focusing
of the condenser in the vertical axis and the use of a very thin slide in order
to get the condenser as near as possible to the preparation. In case the very
fine focus of the ultracondenser does not suffice for the illumination of the
larger points of interest in the preparation, it is necessary to resort to less

concentrated light at lower magnification (about 150X)* Such light can be
furnished by placing a round central stop of about 15 mm. diameter in the

ordinary bright field condenser. Figure 31, Plate VII, illustrates the appear-
ance of a so-called transparent vulcanizate in the ultra-violet dark field, when
examined after definite precautions have been taken.^^ Along with the uni-

formly distributed luminescence, there are some radiating zinc oxide particles,

which usually can be seen in ^‘transparent’* products. The fine-grained

“granulation” of the background, which is visible during subjective observa-

tion, does not appear on the plates.

In contrast to these radiation phenomena, the peculiar Tyndall phenomena
within the rubber substance itself are not so easy to eliminate, since they are

probably dependent on the fact that the rubber and other raw materials are

only “technically” and not absolutely pure. They cannot be avoided by any
possible variation of conditions, although they do seem to be definitely in-

fluenced by the degree of working of the rubber on the mill. Thus laboratory

mixtures which are masticated slowly and repeatedly contain many cloudy

particles, wffiereas those which are worked less intensively show a much
clearer rubber substance. Longer milling on close rolls seems to favor the

collection of dust from the atmosphere and the removal of finely divided

material from the surface of the roll, which latter material frequently leads

to a visible coloration in clear grades of crepe rubber. In thin sections, the

vulcanized rubber generally shows a finely granulated appearance, as well

as dust particles of various sizes. It is not necessary to attempt to identify

these latter particles. In comparison with the appearance of added pigment

particles, the blue color of the “granular” field is less noticeable and is

characteristic. In the most favorable cases this blue color can be distin-

guished, owing to contrast with the general brightness. This contrast can be

brought out in photography by the correct choice of exposure. (See p. 672.)

There is, however, no evidence of fine structures or primary particles in

the rubber substance, since the treatment of the sample with the usual swell-

ing agents precludes the formation of structural elements which are optically

very closely related to the rubber itself. Moreover, individual latex particles

are not visible in vulcanized products made from latex. Furthermore, the

finely dispersed impurities, which are often found to give a cloudiness in

crude rubber, and which also become apparent in vulcanizates after treat-

ment with water, ether, etc., become lost without leaving a trace in the case

of the normal preparation made in the presence of swelling agents.

As in the case of investigations in the bright field, standard preparations,

which reveal the characteristic appearance of the most important pigments,

-- See Pohle, Z. wiss, Mikroskop., 44, 1S3 (1927).
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are used for comparison in dark field examinations. To be sure, dark field

observations necessitate rather strict requirements with respect to the con-
centration and the thickness of the sample, since it is obviously impossible to

focus on a single optical section of the preparation when all particles lying

in the path of the beam of light but not in the focus also become luminous.
Moreover, comparison slides should contain a layer of pigment-free rubber,
which has been masticated in the same manner as the samples being studied,

and which provides a control as far as the experimental conditions and the

rubber itself are concerned.

Preliminary tests are necessary to determine the concentrations which will

permit of sufficiently distinct images of the pigments in rubber. These con-
centrations are primarily dependent on the degree of fineness of the particles.

With the so-called ‘"active” pigments, these most desirable concentrations

are found to be outside the range used in technical products. In order to

obtain layers of suitable thickness, it is advantageous to prepare wedge-
shaped specimens (when possible, by the use of two plane parallel, ground
glass plates). For this purpose, a sample of the stock is placed along the

edge of the cover glass (which later forms the edge of the wedge of rubber

stock), is warmed to about 60^ C., and is then exposed to pressure in the

40 seconds’

Figure 212— exposure

Rubber, masticated without

the addition of pigments.
25 seconds
exposure

plate glass press. The pressure is applied at one end of the press only, the

section thus being given the shape of a wedge. The portion suitable for

examination is near the middle of the preparation, since the ends have a

decidedly uneven slope. The boundary line between the two parts of the

comparison preparation should be as level as possible. The parallel displace-

ment of the preparation along the edge is best accomplished by means of a

mechanical stage, after the edge has been arranged parallel to one axis of

the stage.

In the few cases in which these preparative and optical requirements can

be fulfilled, the images obtained are quite useful, as they are suitable for the

photographic recording of the number of particles present in a mix contain-

ing a given quantity of a pigment. Figure 213 shoves mixes containing

various grades of zinc oxide at a low particle density and exposed to light

of strong intensity. The masticated rubber used as a control is shown in

Figure 212. The comparison wedge-shaped layer is composed of narrow

sections of the three mixes with a section of the pigment-free rubber at each

end of the wedge. The uniformity of thickness of the layer along the edge

of the wedge can be tested by comparing several successive fields in each

section with respect to particle density. If the layer is uniform in thickness,

there should obviously be no change in the apparent distribution of particles

as the observer moves from one side of the section to the other. The corn-

parison between samples is made by taking a series of pictures of each mix
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in the comparison wedge. Four of the negatives from each of these series

are chosen for printing. Two separate exposures of the pigment-free rubber
in the comparison preparation are also taken.

For subjective observations, the dark field is first standardized against the
pigment-free section of the preparation. This step in the procedure, which
is made on a portion of the section as near as possible to the boundary line

between sections, reveals the fine, turl^id, granulated appearance of the rub-
ber sulDstance, as well as a few coarse dust particles embedded in the rubber.

{See Fig. 212; sample exposed 40 seconds.) The parallel displacement of

the preparation, so as to bring the first of the sections containing zinc oxide
into the field of view, is best done by means of the mechanical stage. In
this section (Type I of Fig. 213) are to be seen brightly shining particles

which illuminate the granular-appearing background to some extent. In

the other sections (Types II and III) the particles become progressively

finer and more frecjuent. In fact, some of them are difficult to distinguish

clearly from the ‘‘granular” background. By introducing a flat disk under

Type I Type 1 1 Tyjie 1 1

1

Figure 213—Rubber, masticated with the addition of zinc oxide (0.025%) of different

degrees of fineness. Leitz plate condenser; oil immersion, 1/12.

the condenser, or by reducing the light by means of the diaphragm in the

objective, it is possible to cut out the “granulation’' in these fields during

subjective observations. As already mentioned, the same thing can be ac-

complished when taking photographs by a proper choice of the time of

exposure. While an exposure of 30 to 40 seconds is required to bring out the

turbidity in the rubber substance, only about 15 seconds is required for photo-

graphing the particles of zinc oxide. An average period of 25 seconds does

not reveal any appreciable number of additional zinc oxide particles and at

the same time does not permit the “granulation" to show. The intensity of

the light from the zinc oxide particles is so much greater than that from the

“granulation" of the rubber substance that any significant tendency to con-

fuse the two is absent. Dust particles, which could constitute a source of

error, can be counted in a series of photographs of the pigment-free rubber,

and their number deducted from the total number of particles present. The
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avera.g'6 iiuiiibGi of such pa,i tides per field in the prep3.ra.tioii shown in Fio"-

tire212 (25-second exposure) js 4.5, which is not sufficiently large to exert
iiiuch of 3-n influence on the relative values obtained for the three grades of
zinc oxide.

An equally satisfactoiy picture is possible in the dark field in the cases of
pigments with particles similar in size to those of zinc oxide. Included
among such pigments are red iron oxide, antimony trisulfide, zinc sulfide
(lithopone), and the heavy lampblacks. This group comprises essentiallv

the pigments which have high covering power, and the particles of which
consequently have a decided capacity for scattering light. Information re-

garding these bright particles is also ol)tained from their colors in the case
of subjective observation. With the finer grades of lampblack and golden
antimony, the accuracy of the observations in the dark field decreases as the
particle density increases and as the relative luminosity of the field with re-

spect to that of the standard mix decreases. Thin sections and low concen-
trations of pigments in the mixes are requisites for satisfactory observations.
There is no quantitative method based on the determination of the degree

*of fineness with dark field illumination in the cases of channel black, pre-

cipitated zinc oxide, and other pigments having similar particle size.* The
phenomena in the case of fine particles of such pigments do not contrast

sharply enough with the phenomena exhibited by the rubber itself. 'Move-

oyer, the finest fractions cannot be resolved by the microscope. The dark
field picture of mixes containing reinforcing pigments is thus similar to that

obtained in the iDright field in that it also has a granular appearance, h^urther-

more, the particle density cannot l^e easily observed, even when the con-

centration of the pigment in the mix is reduced to less than one part in a

thousand. Decreasing the thickness of the section to the lowest possil)le value

results in little improvement and increases the possibility of unevenness in

thickness, since the layers tend to form vacuoles when pressed out too thin.

The evaluation of such dense preparations as those just discussed must
therefore be accomplished by other methods, the best of which involves the

investigation of turbidity and color phenomena in a larger field under a lower

magnification. The phenomena which come into consideration in such evalua-

tions are related to and in a sense complementary to those of the transmitted

colors which w^ere previously discussed in connection with mixes of pig-

ments and rubber. By partially closing the iris diaphragm in the objective,

it is possible to make the color of the field of view and of the individual

particles more or less apparent and thereby improve the characteristics of the

dark field image. For comparison, it is also necessary to have a standard

preparation of the same thickness, which can be illuminated in the same field

as that containing the mix being studied. This requirement can be readily

fulfilled, in the case of thin sections of vulcanizates of low pigment content,

by embedding the two parts of the comparison preparation in Canada balsam

under the same cover glass and compressing and fixing the layers in the

manner previously described. (See p. 648.) Examples of the types of

compounds which lend themselves to study by this method include different

kinds of inner tube stocks, lightly compounded carcass stocks, and sometimes

Translator’s Note. By dispersing such a pig-

ment as channel black or zinc oxide in rubber
on a mill and then dissolving the stock in a
solvent, S. D. Gehman and T. C. Morris [Ind.
Eng. Chem., Anal. Ed., 4, 157 (1932)] have

obtained a solution suitable for the determina-

tion of the particle size of the pigment in-

volved- A Zeiss cardioid ultramicroscope was

employed in this work.—V. N. M.
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compounds of the solid tire type. Decidedly undervulcanized samples, which
are the most easily deformable, are preferred for these preparations.

Dark field comparisons, carried out in the manner described above, yield

the same series (varying with the proportion of the total light scattered)

with the individual pigments as are also obtainable on the basis of the trans-
mitted colors. Dark field comparison, which is applicable to finer fractions

among the individual pigments than is the bright field, overlooks more easily

the smaller particles of grit which stand out prominently in the bright field.

In general a red-brown color in the bright field corresponds to an intensive

blue-violet color in the dark field. Thus the three types of zinc oxide shown
in Fields 1, 2 and 3 of Figure 28 can be distinguished just as well by the

proportion of blue in the diffracted light or by the relative number of blue-

violet particles when the size of the opening in the diaphragm has been suffi-

ciently reduced. The same is also true for other series of pigments, such as

the various blacks pictured in Fig. 29, page 668. In this figure are shown
sections of gray-colored vulcanizates, containing the same quantity of zinc

oxide and various domestic grades of lampblack. The two blacks in the

outermost fields of Figure 29 have already ])een showm in Figures 25 and 26
of Plate VI and Fields 5 and 6 of Figure 28. After the zinc oxide dis-

solves (which it usually does very soon after the section is embedded in

Canada balsam), the dark field images characteristic of the various blacks

become evident, and the sequence from Field 1 to Field 3 can be recognized.

The dark field images confirm the information obtained from practical ex-

perience; that is, that colors which are often not of the same bluish-gray tone

are obtained with blacks having different degrees of fineness. The difference

arises from the fact that the scattering of blue-violet light l)y the individual

particles of the finer types is considerable. As a consequence, the color by
reflected light is not a neutral bluish gray. The finest lampblacks yield green-

ish or brownish grays (Field 1) which are less prominently tinged than isThe

case with gas blacks, but which are in decided contrast to the nearly neutral

gray of the heavy lampblacks (Field 3) or the closely related “Thermax.”
It is to be inferred from the differences in the total illumination of the

three fields that the covering power of the black pigments with respect to

white light passes through an optimum. As is also the case with other

powdered coloring agents, the optimum is obtained with a black of inter-

mediate fineness, a fact which would not be revealed by the ordinary deter-

minations of the black content of a rubber mix.

In the same manner, dark field examination may be used for the study of

stocks containing various grades of golden antimony, although in such cases

the various colors of the individual particles themselves lead to a mottled

effect in the field as a whole. This effect is illustrated in Figures 32 and 33,

Plate VII, which show the appearance of thin sections of two automobile inner

tubes of the older, accelerator-free type. The different degrees of fineness

of the antimony pentasulfides used can be recognized from these pictures.

Field 1 shows a very finely divided grade of German origin, whereas a some-

what less fine and more luminous grade of American manufacture is illus-

trated in Field 2. As is also to be seen in the bright field photograph (Fig.

15, Plate V), the German product is predominantly submicroscopic. A com-

parison of the transmitted colors (Fields 8 and 9 of Figure 28) indicates

that the American pigment is not as fine as the German, since the mix con-

taining the former does not transmit reddish-yellow light as well as that
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containing the latter. The conclusion from this comparison can be con-

firmed by a comparison in the dark field, although a numerical determination

of the relative particle density is not possible. The pictures (made with

somewhat reduced light) show that the German pigment consists very largely

of particles which scatter blue and violet, while the American product con-

dsts of a mixture of particles (both reddish-yellow and bluish-green). In

other words, there is only a little blue color in the picture obtained in the

latter case, and that little is exclusively a mixture of blue and green. The

results do not reveal whether the American product, which is primarily com-

posed of particles of two different degrees of dispersion, was prepared by

fractional precipitation or by the mixing of two separate precipitates. The

differences in the total luminosity of the two dark field pictures indicates that

the German pigment is inferior to the American in the matter of coloring

power. {See p. 664.)
_ _ _ _

A satisfactory picture of a stock containing various pigments can only be

obtained when the stock contains no submicroscopic particles. In such a case,

dark field examination can serve as a negative test to demonstrate with cer-

tainty that small quantities of “active” pigments, such as gas black or pti-

mony pentasulfide, are not present. The dark field picture obtained with a

solid tire stock is shown in Figure 30, Plate VII. It is apparent that the stock

contains only zinc oxide and lampblack of a low degree of fineness, since

there is no evidence whatever of luminosity of the rubber matrix as a con-

sequence of embedded finer particles. Although the zinc oxide and lamp-

black have approximately the same degrees of fineness, they are readily to be

distinguished from each other on the basis of their different luminosities. A
noticeable blue radiation, which is observed^ as a “halo ’ around the coarser

particles of zinc oxide, seems to decrease in intensity as a consequence of the

interaction of zinc oxide and accelerator. It is not noticeable during sub-

jective observation.
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INTRODUCTION

The tremendous advances made within the rubber industry during the past

century are indicated by the growth of the literature on the subject. The
following inclusive bibliography of books and pamphlets permits a survey of

the rapid increase in rubber publications of this type, to the end of 1933."^

In order to facilitate reference by either subject or author, the entries have

been arranged under subject and indexed by author. The subject groupings

used are listed in the table of contents, while the alphabetical author index is

incorporated in the general author index to the volume. Each entry in the

bibliography includes, so far as such data could be located, the author's name,

title in full, series, place of publication, publisher, date, paging, and a review

reference. The paging may be inaccurate because of disagreement in the

sources consulted, but it has been included as an indication of the scope of

the publication. Notes of illustrations and bibliographies contained in indi-

vidual books are usually not given at all, because they could not be given

uniformly.

Lack of space forbade the inclusion of annotations. Therefore, descriptive

review references have been noted whenever they could be found, and the

sources of some of the references which could not be verified are given.

Since the bibliography is inclusive, not all the publications listed are of eciual

worth, but it is hoped that the review references may be of assistance in their

evaluation. Review references are omitted for most of the U. S. government

publications, and for several of the longer series [Ceylon Dept, of Agri-

culture Bulletins, Federated Malay States Dept, of Agriculture Bulletins,

Rubber Research Scheme (Ceylon) Bulletins] of which the numbers per-

taining to rubber are listed for convenient reference.

In general, the aim has been to include all books and ])amphlets of any

informational value pertaining to rubber and allied substances. Journal

references and reprints (unless published and sold in book or pam])hlet form )

have been exclucled. Space limitations have not permitted the inclusion of

general chemical, analytical, travel, and encyclopedic material not relating

chiefly to rubber. Lists of rubber journals and abstract journals and current

patent sources are given at the end of the bibliography, together with a partial

list of firms publishing more or less informative material on rubber and com-

pounding materials.

The publications relating to I'ubber, as well as the bibliographic tools, in

the collections of the Firestone Tire and Rubber Company Libraries, Akron
Public Library, the Library of the Municipal University of x\kron, and Cleve-

land Public Library, were consulted. Review and other references were ob-

tained from the following periodicals : Chemical Abstracts, Gummi-Zeitung

(1920-date), India Rubber World (1899-date), Industrial and Engineering

Chemistry, Kaiitschuk, Rubber Age (London), Rul)ber Age (New York),

and Rubber Chemistry and Technology. The U. S. Catalog of Public Docu-
ments was searched, as well as the book trade indexes of the various coun-

tries (Catalogue de la Librairie Francaise, Deutsches Bucherverzeichnis,

English Catalogue of Books, American .Catalog, U. S. Catalog, and Cumula-
tive Book Index) and the catalog of books pertaining to rubber, etc., in the

library of the Koloniaal Instituut te Amsterdam.
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After most of the other sources named had been searched, the 1927 Library
Catalogue of the Research Association of British Rubber Manufacturers
(“RABRM”) was received and checked. Just before the bibliography went
to press, Mr. T. R. Dawson and Mr. B. D. Porritt of the Research Associ-
ation of British Ru])ber Manufacturers responded very generously to a fur-

ther inquiry by sending the monthly lists of books and other material added
to the RABRM Library since the appearance of the 1927 Library Catalogue,
as well as a copy of their “want list” and lists of RABRM publications!

When these sources were checked, some 350 additional titles not noted else-

where were obtained, excluding over 300 titles of RABRM publications and
amplified collation data for titles which had already been included. The titles

found only in RABRM lists are indicated by the initials “RABRM,” in paren-
theses, and those from the catalogs of the Koloniaal Instituut te Amsterdam
by “KI.” Some idea of the wealth of rubber literature collected in the

RABRM Library may be conveyed by the statement that of the 1,746 titles

entered in the following bibliography, only about 200 were not found in a

rapid check of the RABRM lists. It is believed, however, that the following

bibliography is the most complete compilation of references to books and

pamphlets on the cultivation, properties, and uses of rubber and allied sub-

stances ever published in one place, and it is hoped that the omissions which

seem inevitable in a work of this kind will be both few and unimportant. If

this bibliography aids in correlating the advances already made in the “science

of rubber” with those yet to come, it will have served its purpose.

Especial thanks are due to the staff of the Research Association of British

Rubber Manufacturers for their cooperation in this venture. It is also a

pleasure to acknowledge the willing assistance of the staff members of the

various other libraries consulted, in making accessible the rubber publications

and bibliographic tools in their charge.

GENERAL

Bancroft, C. K. Rubber and balata in British
Guiana in 1914. Georgetown, Demerara, Brit.

Guiana. [India Rubber World 90, 38 (April,

1934)].
Belgium. Minister of Colonies. Le caoutchouc.

(Fransche en Hollandsche tekst) Brussels,
1928. (iC/)

Bolas, T. India rubber and gutta percha indus-
tries. (Cantor lectures) London, Royal Soci-
ety of Arts, 1880. (RABRM)

Bosch, J. Eene bijdrage tot de oplossing van het
caoutchouc-vraagstuk

; eene studie. ’s Grav.,
1902.— Het caoutchouc-vraagstuk; studie. ’s Grav.,
1900. (KI)— Probleme du caoutchouc. La Hague, A. D.
Schinkel, F. J. Belinfante Succ., 1900. 34 p.
(RABRM)

Bougrand. Le caoutchouc et son Industrie. (Ref-
erence from Macedo Soares, J. C. de, “Rub-
ber/* p. 6)

Brazil. Ministerio do Agricultura, Industria E
Commercio. Museu Agrricola E Commercial.
Borracha. Rio de Janeiro, 1927. 68 p.
(RABRM)

Browne, E. A. Rubber. (Peeps at industries)
London, A. & C. Black, ed. 1—1912, ed. 2

—

1920; N. Y., Macmillan Co. 88 p. llndia Rub-
ber World 65, 140 (1921)]

Burnett, W. S. Preparation of smoked sheet.
Colombo & London, Times of Ceylon Co., Ltd.,
1923 (?). 36 p. pa. llndia Rubber World
69, 28 (1923)]

Chapel, E. Le caoutchouc et la gutta percha.
Paris, Marchal & Billard, 1892. 601 p.

Clouth, F. Gummi, Guttapercha und Balata, ihr

Ursprung und Vorkommen, ihre Gewinnung,
Verarbeitung und Verwendung. Leipzig, B. F.

Voigt, 1899. 232 p.— Die Kautschuk-Industide. (Neuer Schauplatz
der Kiinste und Handwerke, No. 278) Weimar,
B. F. Voigt, 1879. 76 p.— Rubber, gutta-percha and balata; tr. from the

German. London, Maclaren & Sons, Ltd.,

1903; N. y., D. Van Nostrand Co., Inc. 244 p.

[India Rubber World 31 , 4 (1904)]
Egelstein, J. Hevea Brasiliensis Muller Argovi-

ensis. (Text in Russian) Moscow, 1897. 86

p. (RABRM)
Fayol, A. Le caoutchouc; historique, latex prop-

rietes, traitements, technologic, fabrikation, con-

fection, vulcanization, gomes analogues, essais,

Paris, C. Beranger, 1909. 138 p. [India Rub-

ber World 41 , 183 (1910)]
Filho, P. M. Situacao da Borracha. (Artigos

ublicados no “Jornal do Commercio de Rio de

aneiro”) Rio de Janeiro, 1911. 26 p.

(RABRM)
^ ^ .

Firestone, H. S., Jr. Romance and drama of

the rubber industry; radio talks delivered Sept

1931 to Sept. 1932. Akron, Firestone Tire &
Rubber Co., 1932. 128 p. pa.

Firestone Tire and Rubber Co. Rubber; its

historv and development. Akron, Firestone

Tire & Rubber Co., 1922. 110 p. Undxa Rub^

her World 67, 305 (1923)1



JiJBUOGRAPHY 6iS5

Frelstein, J- Hevea brasiliensis.^ (Russian text)

(Inattg. disL) Moscow, 1897. (K2)
of rubber. N. Y., Century

Co 1922. 344 P. iind Eng. Chem. 15, 3U5

1 ebeuf, A. Caoutcbouquier du Para

b-siUensis) Paris IS98. 16 p.

_ L’industrie du caoutchouc. Con-
Goldstein, I’Association des Ingetiieurs

Kes a Piris: Jau. 1924. 40 p. (RABRM)
h B F Co- Wonder book of rubber.

"''^Jron B F.'Coodricb Co.. 1932._ 4S p. pa.

book of rubber. fCoodnch employees

leading course, vol. 1) Akron, B. F. Cood-

icli Co., 1917. 72 p.

r nivear C. Cum elastic and its varieties, with

a detailed account of its applications and uses,

.’•^C‘->V0"V nf vulcanization by Charles

AvUr Conn., 1855. 2 vols.

ri-afe V. Kantschuk, Tier- und Fflanzenfette,
^

’ iHanrlbnch der oruaniscben W

419^1) [Rubber Chem. Tech. 3, viii (19o0)]

p H De. Les industries du caoutchouc.

ProdiKtioii-cultnre. Fabrication des objets en

f^Aclmuc. Travail de la gomme brute et
“

,‘,',.,'.',011nr ni-ebrne rvtihciel et de syn-

PM-m -i-ubr Ad::, et Cie., 1928.

[Ind! Eng. Cncn. 21, 889 (1929)]

Great Britain. Colonial Reports. Misc. 82.

c!v+e4 i-enort«i from the Scientihc and Tech-

: . (Part IV, pages 263-447,

Rubber and Ruttai,ercha l,y W
discusses Para, Sapiuni, Ceara, Castilloa, bun-

SS, Ficus Mascarenbasm.

Euphorbia, etc.) I
1 1. rV* HVn

1912, 448 p. r
<- • •• W 46, 500

(1912)1

Griindel, H. J. Kaut=chukstudien. (Disserta-

tion) Leipzig, lA-niiimludd 6: \\ endler, 1932.

51 p. iRABRM)
Hancock, T. Personal narrative of the oripn

and progress of the caoutchouc or^ India-rubber

manufacture in England, to which is added

some account of the plants from which caout-
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of the public documents of Congress and of all

departments of the government of the IT, S.
(Indexes publications of all departments, as
well as material of a periodical nature on rub-
ber from such publications as American Repub-
lics Bureau Monthly Bulletin, Bulletin of the
Pan-American (Tnion, Consular Reports, Manu-
factures Bureau Monthly Consular and Trade
Reports (discontinued 1910), Philippine Agri-
cultural Review, LT. S. National Herbarium,
etc.) 19 vols., March 4, 1893-1929, published
so far; current material indexed in “Monthly
Catalogue United States Public Documents."

West, C. J., and Berolzheimer, D. D., comps,
Bibliography of bibliographies on chemistry
and chemical technology, 1900-1924. (Bulletin

50, National Research Council of the U. S. A.)
Wash., D. C., Natl. Res. Council, March,
1925. 308 p.— Same; first supplement, 1924-1928. (Bulletin

71, National Research Council of the U. S. A.)

Wash., D. C., Natl. Res. Council, June, 1929.

161 p.— Same; second supplement, 1929-31. (Bulletin

86, National Research Council of the U. S. A.)

Wash., D. C., Natl. Res. Council, March,

1932. 150 p.

See also: Book trade bibliographies of the various

countries, such as Deutsches Bucherverzeich-

nis, Catalogue de la librairie francaise, English

Catalogue of Books, U. S. Catalog, Cumulative

Book Index (U. S.), etc. These are indexed

by subject as well as by author.

See also: GENERAL: Slingervoet-Ramondt, A.,

and Whitby, G. S.; LATEX: Marchionna,

F., Rubber Growers’ Association, U. S. Dept,

of Commerce. Bureau of Standards. Letter

Circular 321; ECONOMICS AND STATIS-
TICS: Holt, E. G., Special Libraries Associ-

ation ;
SPECIFICATIONS ; TIRES : New

York (City) Public Library; CHEMISTRY:
Himly, F.; also RABRM Information Bureau

Circulars under special subjects as TIKEo,

COMPOUNDING INGREDIENTS, etc.
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Anderson, J. W, Index of phints at Botanic

Gardens, Singapore. Singapore, Botanic Gar-

dens, 1912. 152 p. Undia Rubber World 46,

599 ’(1912)].

Aiiblet J. B. Histoire des pi antes de la Guiane
francai.se. (Rubber, p. 174) Rarir,, 1775. 4

Bernar'din. Classification de 100 caoutchoucs et

gutta-perchas; (second edition revised and en-

larged by C. L. Van Lommel) Genf., ed. 1- -

187°2; Mont St. Amarid (Gaud), De Schee-

niaecker, ed. 2—1913.^

Bobilioff, W. Anatomie en Physiologic van
Hevea Brasiliensis. Batavia, Java. R.i:yg*.-uk

& Co., 1930. 28S p. IRubber Chera. lech.

4, Ixv (1931)].
— Anatomy and physiology of Hevea

^
brasiliensis.

i. Anatomy of Hevea brasiliensis. Zurich,

Art. Tn.stiti:ut Orcll Fii.ssl, 1923. 150 p.

Bosch, J. 'rapinc^-'Cn al.s oor2aak van vele

ziekten tier riibbcrboomeu. Weltevreden, 1929.

(KI)
Brazil. Sociedade Nacional de Agricultura.

Propaganda agricola. Vll~-Plantas pro-

ductoras de borracha. Rio de Janeiro, Ini-

prensa Nacional, 1908. 58 p. (RABRM)
Ceylon. Dept, of Agriculture. Bulletins.

1- Henai-atgoda experiments for 1911-1912;
Part HI; by R. H. Lock and M. K.
Baniber. 1912. 35 p.

4 --Hevea; yields of some Henaratgoda trees;

by R. N. Lyne. 1913. 12 p.

12

—

Hevea tapping results, Experiment Sta-

tion, Peradeniya, 1911-1913; by T. Fetch.
1914. 28 p.

13

—

Tapping of an old tievea tree at Henar-
atgoda; by T. Fetch. 1914. 4 p.

16

—

Tapping and the storage of plant food
in Hevea brasiliensis; by L. E. Campbell.
1915. 26 P;

17

—

Hevea tapping results, Experiment Sta-
tion, Peradeniya, 1914; by T. Fetch.
1915. 16 p.

y.’. 1 ] effects produced on Hevea
-a'-'i. by various tapping systems;

by L. E. Campbell. 1915. 27 p.

20 -Ileiiaratgoda experiments: effect of dif-

ferent iTilervals between successive tap-

pings of Hevea brasiliensis; by T. Fetch.
1915. 26 p.

22—Seasonal variations in the storage of plant
food in Hevea bra.siliensis and their re-

lation to resting periods; by L. E. Camp-
bell. 1915. 18 p.

25—Hevea tapping results, Experiment Sta-
tion, Peradeniya, 1915; by T. Fetch.
1916. 14 p.

30—Mode of occurrence of latex ves.sels in

Hevea brasiliensis; by G. Bryce and L.
E, Campbell. 1917. 22 p.

34—Hevea tapping results, Experiment Sta*
tion, Peradeniya, 1916; by T. Fetch.
1917. 10 p.

41

—

Rubber-tapping ex])eriments: two cuts
ver.sus one cut; l>y T. Fetch. 1918. 6 p.

42

—

Effect of time intervals in rubber tap-
ping; by T. Fetch. 1919. 8 p.

i7—“Chnr.£?'e-nvc-” tapping; by T. Fetch.
Iv2'\
I:' !-, vfi i -.- of yield in Hevea by the
selection of seed bearers; by G. Bryce
and C. H. Gadd. 1922. 42 p.

66—Experimental errors of field trials with
Hevea; by C. H. Gadd. 1923. 22 p. ^

68—Yield and gi'owth in Hevea brasiliensis;
by G. Bryce and C* H. Gadd. 1924.
74 p,

Chevalier, A. Ob.servations relatives a quelques
plantes a caoutchouc- Pari.s, 1905. (.KI)

Chimani, O. Untersuchungen iiber Bau und
Anordnung der Milchrohren, unter besonderer
Beriicksichtigung der Guttapercha und Kaut-
sehuk liefernden Pflanzen. (Inaug. diss.

Bern) Cassel, Geb. Gotthelft, 1895. 47 p
(RABRM )

Dewevre, A. Les plantes utiles du Congo.
Conference donnee a la Societe royale beige

1894
Brussels, Vanderauwera,

Ehrhardt, K. Plantes a caoutchouc et a gutta-
percha. Halle sur Saale, 1904. (RABRM ^
Die geographische V’erbreitung der fiir die
Industrie wichtigen Kautschuk und Giitta-
pei*chapflanzen. (Angevvandte Geographic,
No. 9) Halle a. S., Gebaner Schwetschke,
1903. 79 p.

Federated Malay States. Dept, of Agricul-
ture (Kuala Lumpur, F. M. S.). Special
Bulletins.
10—Lecture on the Para rubber tree; by \V.

J. pallagher. 1910. 28 p. [Also trans-
lation. Rio de Janeiro, Imprenza Ingleza.]
(RABRM)

23—^Tapping of the Para rubber tree -some
physiological experiments; bv E. liateson.
1914. 56 p.

Feenstra, W. S. Tabel voor bet ojinemen van
het aantal tapsneden per inch, geldig voor
zes maanden (tapping book for six months t.

Batavia, Ned. Ind. Rubber Tiidschrift, ed.

_

2—n. d. (KI)
^

Fitting, H. Physiological principles for deter-
mining the value of the various rubber tap
ping methods; founded on some experiments
made on Hevea brasiliensis; tr. by J. IL
Renton from the supplement to Trof'cnpflauzer
10 , No. 1, Feb., 1909, London, Times of
Ceylon Co., 1915 (?). 51 p. pa. [India
Rubber World 54, 483 (1916)].

France. Minister of Colonies. Etudes sur les

caoutchoucs, gutta’s . . . et leurs plantes
productrices. Paris, 1920-22. (KI)

Fyffe, R.
^

Reports on rubber tapping experi-
ments in the Botanic Gardens, Entclthe,
Uganda. London, 1910. (KI)

Grelot, P. Origine l>otaniQue des caoutchoucs
et gutta-percha. (Thesis, Ecole Superieure de
Pharmacie de Paris) (Paris, Benger-
Levrault & Cie.) ;

Nancy, 1899. 276 p.

Hanstein, J. Die Milchsaftgefasse und die

verwandten O^gene dor Rinde. ISeriin,

Wiegandt & llemp-el. 1864. 92 p.

Henriques, R. Le cai.iiichi pmc et ses origiTies;

traduit de I’Alleniand par A. Fayul. (Bil)lio-

theque d’Agriculture Coloniale) Paris, A..

Challamel, 1909. 48 p. pa. [India Ruhl^^t

World 40, 310 (1909)].— Der Kautschuk und seine Quellen. Dresden,
Steinkopff & Springer, 1899. 31 p.

Heyne, K. Die nuttige nlanten van NederlamLch-
Indie, Del. I-FV. Batavia, 1913-1917. (Ref-

erence from Fischer, E. J., “Guttapercha und
Balata.”)

Huber, J. A seringueira (Hevea brasiliensis

Mtill. Arg.) Para, Institiito Lauro Sodre,

1907.

Jacob de Cordemoy, H. Les plantes a gommes
et a resines. (Encyclopedie scientifique)

Paris, G. Doin & Cie., 1911- 412 p.

(RABRM)
Kew Gardens. Bulletin of Miscellaneous In-

formation. Additional Series^ 7. Rubber;
selected papers from the Kew Bulletin.

London, H. M. Sta. Off., 1906. 1S7 p.

(RABRM)
Korber, R. Beitriige zur Blattanatomie der

Gattung Hevea. (Diss., Breslau) Breslau,

W. G. Korn, 1911. 67 p. (RABRM)
Lands Plantentuin. Enumeration des vegetaux

producteurs de caoutchouc et de getah-pertja

recoltees par le Dr. P. van Romburgh dans

les lies de Sumatra, Borneo, Riouw, et Java;

by J- G. Boerlage. (Bulletin de Plnstitut

Botanique de Buitenzorg, No. 5) 1900.

29 p.
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Rubber Research Scheme (Ceylon) (Culloden
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Effect of tapping on the movements of
plant-food in Hevea brasiliensis.

2
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Effect of tapping on the movements of
plant-food in Plevea bi'asiliensis. (Con-
tinued).

3—Seasonal variations in the movements
plantrfood in Hevea brasiliensis, Part I

—Physiological
systems. Part
Physiological errec of
systems, Part HI.

8—Seasonal variations in the movements ofplant-food in Hevea brasiliensis, Part IT
14--On the variation in the number of latex

vessels present in Hevea brasiliensis
18—Measurements of “bark renewal” in

Hevea; by L. E. Campbell. 1917 '?4
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43—Inter-relationship of yield and the various
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ensis; by R. A. Taylor. 1926. 65 o
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lArchief voor de 1 41 q
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Tschirch, A. Die Chemie und Biologie der
pflanzlichen Sekrete. Leipzig, Akademische
Verlagsges., 1908. 95 p.
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schluss der Milchsafte; historisch-kritische

und experinientelle; in Gemeinschaft mit
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suchungen. Leipzig, Gebriider Borntraeger,
1906. 1268 p. in 2 vols.

Ule, E. Die Kaut.«chnknflrinzen .‘Niidanierikas.

(\‘e<jetarit»r.‘-!)iliitM . XXII Kfibc Heft bi
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BUDDING
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form; additional sheets to be supplied

from timd to time.)

Taylor, R. A. Budding of rubber. Ceylon

Rubber Research Scheme, 1930. 22 p.
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See also: GENERAL; CULTIVATION AND
PREPARATION OF CRUDE RUBBER:

Ashplant, H., and other entries; BOTAN\.
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261 p. lindia Rubber World 56. 728 ( 1017^1
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Admiralty Eng. Lab., Admiralty Re-
search Lab., and R. A. B. R. M. 193U.
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Natural ageing of rubber-sulphur com-
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J. R. Scott. 1931. 29 p. & 9 blueprints.
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192 p. (RABRM)
Rubber Research Institute of Malaya. (Kuala

Lumpur, F. M. S.). Bulletin 2. Study of
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13; 15, 17, 19, 20, 21, 22, 23, 24~-Vulcaniza-

tion tests. 1917-20. 19, 24, 8, 14, 8, 10,

10, 8, 8 p.
, r 1

25, 27, 28—Investigations on samples of plan-

tation para rubber from Ceylon, 19-1-

1922. 6, 12, 19 p.
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40—

Investigations on samides of plantation
para rubber from Ceylon. (Series II)
1926. 8 p.
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- Essaie d’une theorie de la vulcanisation du
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vulcanization. (Renrirtcd fr.nm Gummi-Ztg.

)
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Weber, L. E. Chemistry of rubber manufac-
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;

Bedford, C. W. and Winkelmann, H.;
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CHEMISTRY. COLLOID
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loss p. (ed. 2) [India Rubber World 86,
83 (April, 1932)].
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Weimarn, P. P. von, and others. Contribu-
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See also: LATEX.
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iging, etc.

AUSTRALIA

Great Britain. Foreign Oface. Reports onSubjects of General and Commercial In-
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de Costa Rica (including rubber and chicle)
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Me-xico; pi'eceded by geographical and statis-
tical notes on Mexico. N. Y., G. P. Put-
nam’s Sons, 1898. 417 p.

Sanchez, J. F. Rubber planting in the Republic
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tion Series 40. Possibilities for Para rubber
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See also: LATEX: Dern, W. F.
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de las Islas Pilipinas. Departaniento de
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.. n. T r

16—Ceara ru])ber tree in Hawaii; by J. u
Smith and Q. Q. Bradford. 1908. 30 p.
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Natural Resources. Bureau of Agricul-
ture. Circular 90. Rubber culture; by P.

J. Wester. Manila, 1925. 18 p. (RABRM)
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and Domestic Commerce. Trade Promo-
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Information as to the rubber-producing capac-
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SOUTH AMERICA
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AMERICA AND MEXICO: Kolonial-Wirt-
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merce. Bureau of Foreign and Domestic
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Akers, C. E. Relatorio sobre o valle do Ama-
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Rio de Janeiro, Govt., 1913. 202 p.
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London, Metliuen & Co., Ltd., 1914. 320 p.
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Akers Commission. Report on the Amazon
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_
and
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Brazil. Ministerio da Agricultura, Industria
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Borracha de 1913. Monographia. Rio de
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—
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Grosso. 159 p.
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—
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5

—

Industria da borracha nu Estado do
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6—
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Ceara; by A. F. Pequeno. 48 p.
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9

—

Industria da borracha no Estado de
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10

—

Industria da borracha no E'-tado de
Alagoa.s; by L. de Moraes. 27 p.
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-
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21—

See: RUBBER-BEARING PLANTS.
23—Rubber in Brazil; by A. J. tie Suura

Carneiro. 94 p.

Carvalho, T. P. de. A -erinun.eUa do .Viia-
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Rubber World 42, 340 (1910)].

Labroy, O., and Cayla, V. A borracha no
Brazil; Hevea, Manicobaj^ Caucho e Mang-a-
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ber World 40, 435 (1909)].
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extracao e prepare de borracha. These I.

Para, Tavares Cardoso & Co., 1913. 10 p.

(RABRM)
Russan, A. Para rubber of Brazil. London,

Brazil Rubber Trust Ltd., n, d. (KI)
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p. pa.

Walle, P. Au pays de Tor noir: le caoutchouc
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1912. (Papers.)

_
Volumes 9 & 25 espe-

cially contain articles on rubber. Concord,

N. H., Rumford pr., 1912.

International Congress of Rubber Tech-
nologists, Paris, June, 1931. (Second con-

ference under ausnice® of the Syndicat du
Caoutchouc.) fl'o" I'a.im-. proceedings, etc.

see Revue generale du caoutchouc 8, No. 7S,

Spec. No. (Oct., 1931)] (For papers, etc.,

of the fir^t conference under the auspices of
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Manders. N. 'S'., V?:2. 222 p.— see also Rubber Industry (1914).

International Rubber and Allied Industries Ex-
hibition, Fourth. (London, 1914.) Official
handbook on rubber, cotton, fibres, etc., and
catalogue; compiled and edited by A. S. Man-
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son. 1926. 5 p.
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Ditniar, R., etc; SPECIFICATIONS

See: RUBBER-BEARING PLANTS-FUNTUMIA
LANDOLPHIA

Sec: RUBBER-BEARING PLANTS-LANDOLPHIA
LATEX

American Paint and Varnish Manufacturers^
Association. (Washington, D. C.) Scien-
tific Section. Educational Bureau. Circu-
lar 170. Suggestions on the possibilities of
rubber latex in the paint industry; by H. A.
Gardner. Feb., 1923. 6 p.

Associacao Commercial de Para. A valofi-

sacao da borracha e o processo de coagulacao
“Cerqueira Pinto.” Para, Tavares Cardoso
& Co., 1918. 29 p. pa. {India Rubber World
S9, 31 (1918)].

Dern, W. F. El hule, su hlstoria, naturaleza,
cultivo; r-'i'-’i-.'' y tc'c'’r.irri. (Describes Dern
process ( -c: . i::,; i'.ie.v. used at Mexican
Latex C(.) Mcs;.' , Latex Co., 1912.

130 p. {India Rubber World 46, 553
(1912)].

Dunlop Rubber Co., Ltd. Dunlop 60% latex.

Ft. Dunlop, England, Dunlop Rubber Co.,

Ltd., 1932. 36 p. pa. {Rubber Chem. Tech.

5, Ixv (1932)].
Genin, C. Chiniie et technologic clu latex de

caoutchouc. Paris, Rev. gen. caoutchouc,
1934. [India Rubber /. 87, 638 (1934)].^

Harpen, N. H. van. Electrometric determina-
tion of the hydrogen ion concentration in the
latex of Hevea brasiliensis and its applicabil-

ity to technical problems. Medan, Sumatra,
Netherlands East Indies, Vai'ekanip & Co.,

1930. 460 p. {Rubber Chem. Tech. S, Ixv
(1932)].

Hauser, E. A. Latex; its occurrence, collection,

properties, and technical applications; English
trans. by W. J. Kelly; with patent review
compiled by C. B. vbn Boernegg. N. Y.,
Chemical Catalog Co., Inc., 1930. 200 p.

[Iraia Rubber World 82, 71 (April, 1930)].
-- Latex—seine Vorkommen, seine Gewinnung,

Eigenschaften, sowie technische Verwendung;
(with a patent review compiled by C. B. von
Boernegg). Dresden & Leipzig, T. Stein-
kopff, 1927. 243 p. {Ind. Eng. Che^n. 20,
107 (1928)].

Heim de Balsac, F., Audubert, R., and
Lejeune, G. Etudes pliysico-chimiques^ sur
les latex caoutchouciferes. Paris, Ministere
des colonies, 1928. 67 p. {Chem. Abs. 23,

.3374 (1929)].
Hillinga, H. Latex zeefinstallatie. Djasinga,

1927. (KI)
Marchionna, F. Latex and its industrial applica-

tions. (Literature and patent review) N. Y.,
Rubber Age Pub. Co., 1933. 800 p. {Ind.
Eng. Chem. 25, 1062 (1933)] [Supplement
covering patents issued July 1932—June 1933
appeared in Rubber Age (iV. F.) 34, 19-20,

73-75 (1933)].

Morisse, L. Le latex; son utilisation directe
dans I’industrie. Paris, A. Challamel, 190S.

N. V. Fabriek van Chemische Producten.
Pamphlet No. 3. Formic acid; collected
reports on its use for co'.~v.\z.t\-r\ c. f .M,---
latex. Schiedam, 1925. ) j n. .

Pinto, C. de C. Proce--- C- . i'

Unica salvacao possivel das boVrachas iira-
zileiras. (Conference realizada a 27 de Maio
de 19''

9 y: contestacao ao memorial
. i'\ -..j Snr. Ministru da Agri-

cultura, pela Associacao Commercial do
Estado do Para.) Rio de Janciut, I'yp- du
Jornal do Commercio, 1918. 53 i>. (R.-iBRM)

RABRM Information Bureau Circular 31.
Use of alum as a coagulant for rubber latex,

by R. N, Johnson. 1926. 9 p.

Rubber Growers’ Association, Inc. Dige-t ui

patents dealing with rubber latex in road con-
struction materials; issued by the Teclmica!
Research and Development of New U-'Cs Com-
mittee. London, Jan., 1933. 5S p. [Ruld'cr
Age (M. Y.) 33, 21 (1933)],— Latex; by H. P. Stevens. London, 192S.

66 p. [Rubber Age (N. Y.) 24, 205 (1928U
(Ed. 2 was published by the R, G. A. under
the title ‘‘Rubber latex.” See below).— Preservation and shipment of latex. London,
1923. 22 p.— Rubber latex; by H. P. Stevens and W. II.

Stevens. (Contains patent review) Londnr.,

ed. 2~Jan., 1933; ed. 3—Aug., 1933. 1G6 p.

(ed. 3) [India Rubber World 87, 54 (March,

1933)] (For ed. 1, see “Latex,” above).

— Use of rubber latex in the shoe trade. Lon-

don, 1932. 20 p.

Rubber Research Institute of Malaya (Kuala

Lumpur, F. M, S.). Bulletin 1. Natural
coagulation of Hevea latex; by A. S. Corbet.

1929. 17 p.

Rubber Research Institute of Malaya (Kuala
Lumpur, F. M. S.). Planting Manual 4.

Latex preservation and shipment; by R. O.

Bishop and R. G. Fullerton. 1932, 60 p.

Rubber Research Scheme (Ceylon) (Cnlloden

Estate, Neboda, Ceylon).^ Bulletins.

16—On the natural clotting of rubber latex.

32—On the preservation of latex; by T. E.

H. O’Brien. 1924. 37 p.

U. S. Dept- of Commerce. Bureau of Stand-
ards. Letter Circular 321. Rubber latex

(with bibliography). 1932. 35 p.

See also: GENERAL; BOTANY; CHEM-
ISTRY, COLLOID; CULTIVATION AND
PREPARATION OF CRUDE RUBBER.
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LIBRARIES
See: BIBLIOGRAPHY: Cushman, J. A., and Research Association of British Rub-

ber Manufacturers.

MANGABEIRA
rubber-bearing PLANTS—HANCORNIA

MANICOBA
rubber-bearing PLANTS—MANIHOT

MANIHOT (CEARA RUBBER) (MANICOBA DE CEARA)
rubber-bearing PLANTS—MANIHOT

MANUFACTURING PROCESSES
See: TECHNOLOGY; USES (for processes for specific types of goods); TIRES

NOVELS
FICTION

PATENTS
Friedlander, P., comp. Fortscliritte der Theerfar-

benfabrikation und verwandte Industriezweige;
an der Hand der systematisch geordneten und
niit kritischen Anmerkungen versehenen
deutschen Reiclis-Patente

;
begriindet von P.

Friedlander; foi'tgefuhi't von H. E. Fierz-
David. Berlin, J. Si)rmger, Vols. 1-18, 1877-
1931.

Great Britain. Patent Office. Abridgments of
relating to the — of

! v; -.v 1791-1866. l-.m ! •«, i;. M.
Sta. Off., ed. 2—1875. 293 p.

Great Britain. Patent OfBce. Patents for in-

ventions; abridgments rf =7 c-,-'‘^rr^’*n •. CV--'
70—India-rubber and ; -i-- ‘y;

plastic compositions anc' "">.1
.•'.'.I- f : :o' - :r

tive utility other than metals and stone).

Series A
Years covered Date published Paging
1855-1866 . 1905 109 p.

1867-1876 . 1904 74 p.

1877-1883 . 1893 53 p.

1884-1888 . 1896 40 p.

1889-1892 . 1898 39 p.

1893-1896 . 1899 47 p.

1897-1900 . 1903 67 p.

1901-1904 . 1906 90 p.

1905-1908 . 1911 131 p.

(Class 144—Wheels for vehicles, is issued i:

the same subdivisions in Series A.)

Series B
Years covered Date published Paging
1909-1915 1921 192 p.
1916-1920 1925 91 p.

1921-1925 1928 185 p.

1926-1930 1933 320 p.

(Class 144ii—Wheel tyres, pncv.mptic and
other elastic and rims for use thcrcwiih, is

issued in the same subdivisions in Series B.)
London, H. M. Sta. Off.

Great Britain. Patent Office. Fifty years sub-
ject index to patents, 1861-1910; classified
in vols. corresponding to the classes of Series
B. (Of special interest to the rubber indus-

Yfr: USES—PAVING

try are classes 70 and 144ii, as given in
preceding entry) London, H. M. Sta. Off.

-- Patents for inventions; abridgments of speci-
fications. Series C. (Published in separate
classes.) Groups V and XXXIV correspond
to Classes 70 and 144ii in Series B, respective-
ly. Issued in groups, as follows:

Series C
Patent N^l^nbers Period covered

340.001-

360,000 1931

360.001-

380,000 1932
380-001-400,000 1932-33

London, H. M. Sta. Off.

Patent Abstracting Co. French patent ab-

stracts: Chemical products and apparatus;
one volume containing patents issued in 1932;
semi-monthly advance copies of patents pub-
lished in 1933. N. Y., 1933. [Ind. Ena.
CJiem. 25, 1064 (1933)].— German patent abstracts; Rubber and Gutta-

percha; one volume containing patents issued

in 1931-1932; semi-monthly advance copies of

patents published in 1933. N. Y., Author,

1933. [Ind. Eng. Chem. 25, 1064 (1933)].

Wiltshire, J. L. Malayan patents relating to

rubber, Part I. (List of patents relating to

rubber granted 1914-1932) [Article in Journal

of the Rubber Research Institute of Malaya 5,

48-74, 196-228 (1933-34)].

Worden, E. C. Chemical patents index (U. S.

patents, 1915-1924). Vol. I—Preface and
complete name index, and A-B of subject in-

dex. 904 p. Vol. II—Subject index C to

E, inclusive. 1190 p. Vol. HI—Subject in-

dex F to L, inclusive. 1103 p. Vol. IV

—

T\'[ to R, inclusive. 1132 p.

b' . .
\‘ S c(‘i index S to Z, inclusive.

1100 p. N. Y., Chemical Catalog Co., Inc.,

A^ol, 1—1927; Vol. II--iy32; Vol. III-
1933; Vols. IV-V—1934.

See also: RABRM publications under special

subjects, for patent reviews; Current Patent

Sources, as given in the list of journals;

BIBLIOGRAPHY.

PAVING

PHYSICS AND PHYSICAL PROPERTIES
irk, G. L. Applied X-rays. N. Y., McGraw-
Hill Book Co., ed. 1—1927; ed. 2—1932.
470 p. (ed. 2) [J. PJiys. Chem. 37, 541

(1933)].

Frankel, M., and Runge. Prufiing eiiies Kaut-

schukproduktes durch das Konigl. Matenal-

Priifungsamt in Gross-Lichterfelde-West.

Berlin, W. Biixenstein, 1911. 52 p.

iRABRM)
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Hinrichsen, F- W. Das Materialprufungswesen.
Stuttgart, F. Enke, 1912. 607 p. (For ed. 2

see Memmler, Karl, ed.)

Hinrichsen, F. W ., and Memmler, K. Der
Kautscliuk und seine Prufung. Leipzig, S,

Hirzel, 1910. 263 p. {.India Rubber World
43, 205 (1911)].

Institute of Physics. Physics in industry; ed.

by A. C. Thaysen and L. D. Galloway. Vol.

JV. (Part 1, p. 1-26—Physics in the rubber
industry, with special reference to tyre manu-
facture, by W. Makower.) London, Oxford
Univ. Pr., 1926. 63 p. {Rubber Age (Lon-
don) 7, 418 (1926)1.

Jacobsen, H. W., and Partenheimer, J. E.
Table of tensile strengths of rubber. Spring-
field, Mass., Lyons Prtg. Co. (for Fisk Rub-
ber Co.), 1919. 170 p. [India Rubber World
61, 508 (1920)].

Kurz, A. Die thermische und mechanische
dec 1886. (Refei*-

.. ... ... .
I,* . \- alyse,” etc., p. 67).

Leblanc, M., o’. I-'. der anrrewafdten
("r- t. I!' -id T. (’^(rti'u’ by

V T i-.‘...'inc on the funda-
mentals and limitations of the elastic proper-
ties of rubber and similar substances) Leip-

zig, Akademische Verlagsges., 1931. 417 p.

[hid. Eng. Chem. 24, 47-S (1932)].
Martens, A. tJber den technische Priifung der

Kautsebuks und der P..-

i

i Material-
priifungsamt zu ’e (West).
Pedin. G. Reimer, 1911. 20 p. [Reprinted
froi". Si' "her. preuss. zcf.v.s'.]

Memmler, K., ed. Das Materialprufungswesen,
unter besonderer Perucksichtigung der am
.Staatl. Materialprh fuugsamte zu Berliii-

Dahlem iiblichen Verfabren irn Gru ndri.s.s

dargestellt; in ersfer Auflage herau.sgegeben
von F. W. Hinrichsen. (Pages 56.'i-614 on
rubber.) Stuttgart,' F. Enke, ed. 2—1924.

660 p. (For ed. 1 sec Hinrichsen, F. W.)
Menadue, F. B. Diidiase rubber; the dipbase

forming tendency of rubber as shown by the
action of pigments. [ Mimeographed ;

later

pnblisbed in India Rubber Journal Foot-
srray, Victoria, Australia, Author, Feb., 1933.

37 p.

NatioT»«I Research Council of the U. S. A.
Tnternntional critical tables. Vol. TT, p. 254-

796- Piibfier, '
'•"I. ^.'•lata, by G.

S Wbithv. \ . M I Book Co.,

1927. 616 p.

Netherlands. Koloniaal Museum te Haarlem.
Bulletin 49. De .Sebeikundige en physi.scbe

beoordeeling van caoutchouc. (Pages 9-66 —
Physikaliscb-cbemiscbe Kautsebukstudien, by
F. W. Hinrichsen: pages 67-98—tlber den
allgemeinen Charakter der mecbani.scben

Weichgiimmiprufung tfnd uber einige Eigen-
tiimlichkeiten der Ringformigen Probe, by K.
AFemmler and A. .Sebob.) Amsterdam, J. H.
flehussy, 1911. 98 p. (RABRM)

RABRM Information Bureau Circulars.
6—Refractive index of rubber, by R. N.

Johnson. 1923. 9 p.
11—-Thermal properties of rubber; A sum-

mary of the literature, by R. N. John-
son. 1924. 15 p.

29—Studies of hysteresis of rubber coni-

nounds, by W. W. Vogt. 1926. 7 p._

90—Summary of literature on vulcanisation

testing as applied to raw rubber, by J,

'

R. Scott and G. Martin. 1929. 32 p.

116—Standardisation of testing methods in the

rubber indu.stry, by S. A. Brazier. 1930.

5 p,

154—-Tensile test pieces; by G. W. Usherwood.
1932. 36 p.

159—On the terminology and graphical repre-

sentation of some of the elastic properties

of rubber, by T. R. Dawson. 1933. 12 p.

RABRM Laboratory Circulars.
S-^Sucrose as a standard for obtaining ab-

solute viscosities, by T. H. Messenger.
1926. 11 p.9—-Laboratory abrasion testing machines, ed.
by T. R. Dawson. 1926. 4 p.

lo Changes in a vulcanised rubber weathered
under tension, by T. R. Dawson. 1926.
5 p.

20 Ruljhernieter, a new hardness-testing in-

oo by J. R. Scott. 1927. ^6
p.

•5- Tube mould for making Schopper tensile
test rings, by E. B. Johnson. 192S. 3 p.

33 New gauge for measuring the mean
thickness of a Schopper tensile test ring,
by H. A. Daynes and E. B. Johnson.
1928. 3 p.

35—Device for measuring the durability of
rubber jointing materials at high tem-
peratures, by H. A. Daynes and E. B.
Johnson. 1928. 3 p.

39—Viscosity of solutions of raw rubber in
mixed .solvents, I)\" T. H. Messenger and
B. D. Porritt. 1929. 9 p.

43—Determination of resistance to abrasive .

wear. Tests _on the Akron Standard
Mold Company's type of machine, by H.
A. Daynes. 1929, 24 p.

45—Hardness and thickness instrument for
rubber, by 11. A. Daynes and E. B, John-
son. 1929. 7 p.

52—Absorption of water by ruliber. T.

Method of measurement, by L. H N,
Cooper and H. A. Daynes, 1929, 20 p,

55 —Tests on Java and upper Congo rubbers,
by J. R. Scott. 1929. 9 p.

56—Ab.sorption of water by rtibber. TI.

Te.st.s on .some mi.xing^ containing reclaim,
by L. II. N. Cooper and, part, 11. A.
Daynes. 1929, 5 p.

59- -Device for measuring iiernianent set of
rubber, ])y E. B. Johnson and J, R,
Scott. 1929. 4 p.

67

—

Theory and application rd the paralU-l-

plate plastimcter ; by J. R. Scott. 1930.

14 p.

68

—

Absorption of water f)y ruldier. ITT.

Storage of cold-cured rubber in water
and salt .solution, by L. H. X. Coojftrr

and J. R. Scott. 1950, 9 p.
72- -Absorption of water by rulber.

_
TV.

Effect of method of preparation of new
rubber, by L. H. N. Cooper and H. A
Daymes. 1930. 12 p,

78—Determination of resistance to abra'^ive

wear. TI. Influence of speed of test;

by H. A. Daynes. 1931. 5 p._

84—Influence of state of stretching in tensile

testing, by R. Dorey. 1931. S p.

98—Absorption of water by rubber. Part V.
Absorption and desorption in relation to

time, by H. A. Daynes. 1932. 15 p.

104

—

Load-indicating device for tensile testing

machines, by H. F. Church. 1932. 2 p.

105

—

Hardness testing of vulcanised rubber.

IT. (Comparison of readings of various
instruments, by H. A. Daynes and J. R.

Scott. 1932. 6 p.

lOS—Absorption of water by rubber.
_

VI.
Absorption and desorption in relation

time (contd.); by H. A. Daynes. 1933.

14 p.

RABRM Research Reports.
4

—

Effect of solvents on the stress-strain

curve of vulcanised rubber, by A. H.
Tiltman. 1921. 7 p.

5

—

Notes on hydrometric measurement, by

J. D. Fry. 1921. 7 p.

13—Hardness testing of vulcanised rubber, by
T. R. Dawson. 1923. 24 p.

22—Sprayed rubber. Part I. Comparison of

Hopkinson L. S., Wickham, Para, crepe

and smoked sheet rubbers, by T, R. Daw-
son. 1924, 41 p.
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23—Sprayed rubber. Tart IT. On sprayed
glue, by T. R. Dawson. 1924. 21 p.

25—Sprayed rubber. Part III. Accelerated
ageing tests, by T. R. Dawson. 1924.

25 p.

Rubber Research. Scheme (Ceylon) (Culloden
Estate, Neboda, Ceylon). Bulletin^ 49. Re-
port on causes of variation in plasticity. 1928.

9 p. IRubber Chem. Tech. 2, Ixii (1929)].
Stevart, A. Resultats d’experipces sur

I’elasticite du caoutchouc vulcanisee.
^

(Re-
printed from Bull. Musee de VIndustrie 57,
No. S (1870)] Brussels, 1888; Paris,

Gauthier-A^illars, Masson et Cie, ed. 2—1888.

92 p.
U. S. Dept, of Commerce. Bureau of Stand-

ards. Circular 38. Testing of rubber goods.

Ed. 1—1912; ed. 5—1927. 84 p. (ed. 5)

U. S. Dept, of Commerce. Bureau of Stand-
ards. Research Papers.

549—Screw micrometer gages for rubber
specimens, by W. L. Holt. 1933. 8_ p.

555—Flexometer, an instrument for evaluating

tbe flcxur?! properties of cloth and simi-

lar pirnori.'ils ; by 11. F. Schiefer. 1933.

11 p.

551— rn m=trument for evalit-

I ' hhi c--;. (•'inpressibility, and
ccM':".'-'! ' d of textiles^ and
similar materials, hy H. F. Schiefer.

1933. 9 p.

PIGMENTS
See: COMPOUNDING INGREDIENTS; GENERAL; TECHNOLOGY

U. S. Dept, of Commerce. Bureau of Stand
ards. Technologic Papers.

147—An apparatus for measuring the relative
wear of sole leathers (abrasion testitiT
machine); by R. W. Hart and R r
Bowker. 1919. 10 p.

‘

364—Tensile properties of soft rubber com
pounds at temperatures ranging from

5?*
b. S. Kingsbury, and W. L. Holt. 1928lip.

Visser, W. de. Calender effect and the shrink-
ing effect of unvulcanized rubber; tr from
the original Dutch by E. S. Allsop. London
Cro.sby, Lockwood, 1926. 1,62 p rffi
Rubber World SS, 213 (1927)].— Het Kalanclereffect en bet krimpeffect van
ongeviilcmi‘5eerde rubber. Amsterdam,

J. H
dcij;i.s>;y. 192.=^. 160 p. pa. [hidia Rubber
World 73, 152 (1925)].
also: ANALYSTS; RARRM Information

Bureau Circiilar 42; r.F.\ETi:\L Cespeciallv
G. S. Whitby)

;
C FT If. M 1 S'l' R \‘

; Netherlands
Govt. Inst., and Rubber Rcse^’-H’ .

(Cevlnn): HARD RUBBER; v
SII LAT ING MATERIALS

; IT.f ! R'
' -

TIONS; TECHNOLOGY; TlRES—lL.^i.
TNG; ITSES--BALLOON FABRICS ffnr
permeability)

.

RECLAIMING
Bary, P. La regeneration des caoutchoucs.

(L’edition technique moderne, No. 11) Paris,

L’edition technique moderne, 1928. 144 p.

{Rubber Chetn. Tech. 2, xcvii (1929)].
Leslie, A. W. Univer.sal standard grading of

scrap rubber. (Paper presented at the Tnt.

Rubber Congress, 1908, but not published in

Spence, D., ed., “Lectures on India rubber”
with the other papers.) London, Maclaren &
Sons, Ltd., 1908. 46 p. {India Rubber
World 39, 172 (1909)].

Morellet, F. Etude sur la devulcanisation du
caoutchouc. Paris, G. Doin, 1928. 13 p.

ri?^z’. gen. caoutchouc 4, 32 (Dec,, 1027)1
Rubber Reclaimers Assoc., Inc. Standards nf

scrap rubber specifications and packing; cor-

rected and revised. 1934. 4 p. (Definition

of classes with number and code word for

each.)
U- S. Dept, of Commerce. Bureau of Stand-

ards. Circular 393. Reclaimed rubber; by
A. T. McPherson (with bibliography). 1931'.

22 p.

ROOT RUBBER
5'^^: RUBBER-BEARING PLANTS—GENERAL : Kolonial-Wirtschaftliches R.

mitee, etc.

RUBBER-BEARING PLANTS
GENERAL

Brazil. Ministerio da Agricultura, Industria
e Commercio. Exposicao Nacional de
Borracha de 1913. Mpnograpbia 21.
Borraclia no Estado da Bahia. Ensaio sobre
plantas productoras, cultura, e industria da
manicoba e industria da mangabeira. Com-
mercio e legislacao. By A. J. de Souza
Carneiro. Rio de Janeiro, 1913, 302 &
106 p.

Hall, H. M., and Goodspeed, T. H. Rubber
plant survey of western North America.
{University of California. Publications in
Botany 7, Nos. 6-8, p. 159-278 (1919)]
Berkeley, Calif., Univ. of Calif., 1919. 109
p. pa.

Hall, H. M., and Long, F. L. Rubber-content
of North American plants. TCarnegie In-
stitute of Washington. Publications No. 313)
Washington, D. C., Carnegie Inst, of Wash.,
1921. 66 p.

litis, H- tiber das Vorkonimen und die
Entstehung des Kautschuks bei den Kaut-
schukmisteln. (Reprinted from Sitzber. Akad.
Wiss.) Vienna, A. Holder, 1911, 48 p.

(OTHER THAN HEVEA)
Jumelle, H. Les cultures coloniales. Vol. 7

—

Plantes a latex et a resines. Paris, ed. 2

—

1915. 119 p.
Kennedy, O. J. Colorado rubber plant. Salida,

Bo'ird of Trade, 1904. 16 p. pa.

Ri'hWr World 31, 122 (1905)].
Kolonial-Wirtschaftliches Komittee. Kunene-

SamlDesi-Exocfli^iGi''. H. Baum, 1903; by 0.

Warburg. ( i
•;

'( on Wurzelkautscliuk
— root rubber) Berlin, 1903. 593 p. {India

Rubber World 28, 410 (1903)].^
Manson, F. B. Burmese rubber-yielding plants.

(India. Reporter on economic products. Com-

mercial circular No. 4 of 1901) Calcutta,

(jrovt., 1901. {India Rubber World 27, 23

* (1902)].
. , . ,Minatoya, S. Literatures in respect of chemical

investigation on gutta-percha, balata and al-

lied gums. (Japan. Minister of Communica-
tions. Electrotechnical Laboratory. Circular

No. 48) (Japanese text; English synopsis)

1928. S3 p. (RABRM)
Minatoya, S., and Ishiguro, K. On the gutta-

percha-like substance obtained from Tu-ermng.

(Japan. Minister of Communications. Elec-

trotechnical Laboratory. Researches, Nq.
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95 I)) (tn Jui'ancse) 1929. 16 p. [India

‘‘Rubber World 80, 81 (iSept., 1929)].

Minatoya, S., and Kaneko, H. Rotatory power
and the melting point of the resins in gutta-

percha, balata, and allied gums. (Japan.
Minister of Communications. Electrotechnical

Laboratory. Researches, No. 223) (Japanese
text; English synopsis) 1928. 21 p.

(RABRM)
^ .

Netherlands. Koloniaal Instituut te Amster-
dam. Bijdrage tot de kermis van den
anatomischen bouw van de belangrijkste in

Nederlandsch-Oost-Indie voorkoniende vergif-

tige Apocynaceae benevens een overzicht van
de daarinaanwezige werkzanie verbindingen in

verband met de opsporing van vergiftige
plantendeelen ;

by J. F. Pool. (Reprinted
from Pharmaceutisch Weekblad, 1928) The
IT—-. K. T.. 1928. 138 p. (JRABRM)

Pit, J. betreffeiule Ifevea brasiliensis,

Ficus elastica en Castilloa elastica; samen-
gesteld ten behoeve van_ bet onderwijs aan de
r te Bnitenzorg. (Netherlands
!;, > Dept, of Agriculture. hidur,’,ry,
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dant du Congo. <

; Paris, A. Chal-
lamel, 1904. 213 p. [India Rubber World
31, 4 (1904)].

MANIHOr (CEARA) (MANICOBA)
Bathie, H. P. de la, and Duchene, G. Rapport

sur I’acclimatement et la production du caout
chouc Ceara sur la cote-ouest de Madaffasnr
Majunga, 1908. 8 p. (RABRM)

Godefroy-Lebeuf, A. C.--:*;’v
. Ceara

(Manihot glaziovi). !':. -« . is _

. (RABRM) "

Hawaii Agricultural Experiment Station (Hono-
lulu, Hawaii). Press Bulletin 19, Experi-
ments in tapping Ceara rubber trees fin
Hawaii); by E. V. Wilcox. 1910. 20 p.

Janssens, M. P.
_
La culture du Manihot g’lazi-

ovii dans I’Afrique orientale. (Belgium. Min-
ister of colonies. Agrirultir-al service. Tech-
nical memorandum. No. 2) Brussels, 19n
(KI)

Lyne, R. N. -r ; its agricultural de-
velopment. (\\.';-'i chapter on Ceara or
Manihot glaziovii rubber.) London, T. F.
Unwin, 1913. 350 p. [India Rubber World
49 , 33 (1913).]

Moulay, A. Un arbre a caoutchouc du Bresil:
Le Manisoba (Manihot glaziovii). Paris,
Bibliotheque d’Agricult. Colon., 1906. 31 p.

Zehnter, L. Rapport sur une etude du caout-
chouc de Manicoba dans I’Etat de Bahia,
presente au Gouvernenient apres une mission
dans ledite zone. Bahia, 1911. (RABRM)

Zimmermann, A. Der seine

Kultur, Gewinnnng, 1
p-

G, Fischer, 1913. 3-.'* i'. Rubber
World 49 , 298 (191 d)].
also: CULTIVATION AND PREPARA-

TION OF pRUDE RUBBER—HAWAII,
etc. : Plawaii Agric. Expt. Sta. Press Bull.

16; CULTIVATION AND PREPARATION
OF CRUDE RUBBER—-SOUTH AMERICA
—AMAZON VALLEY AND BRAZIL: Al-

meida, L. F. d’; DISEASES: Butler, E. J.

SAPIUM
Pittier, H. Mexican and Central American spe-

cies of Sapium. (Contribution from U. S. Na-

tional Plerbarium 12, Pt. 4) Wash., D. C.,

Govt. prtg. off., 1908. 122 p. [India Rubber

World 40
, 276 (1909)].

also: CULTIVATION AND PREPARA-
TION OF CRUDE RUBBER—CENTRAL
AMERICA AND MEXICO: Kolonial-Wirt-

schaftliches Komitee.

SLAVERY
Doyle, A. C. Crime of the Congo (slavery,

murder, etc.) N. Y., Doubleday, Page & Co.,
1909. 128 p. llzidia Rubber World 43, 45
(1910)].

Great Britain. Correspondence respecting the
treatment of British colonial subjects and na-
tive Indians employed in the collection of rub-
ber in the Putomayo district. London, Wy-
man, 1912.— Rubber situation in British colonies and pro-
tectorates; report of a committee appointed by
the Secretary of State for the Colonies. Lon-
don, 1922. 1756 p. (Supplementary report.
London, 1922. 1678 p.)

Hardenburg, W. E. Putumayo, ^the devil’s

Paradise. Travels in the Peruvian Amazon
region and an account of the^ atrocities com-

mitted upon the Indians therein. London, T.

F. Unwin, 1913. 347 p.

Kasai Co. Question Congolaise; la Compagnie

du Kasai a ses actionnaires ;
reponse a ses

detracteurs. (Treatment of natives, etc.)

Brussels, ICasai Co., 1906. 100 p. pa. [India

Rubber World 36, 275 (1907)1.
Morel, E. D. Red rubber; the story of the rub-

ber slave trade flourishing on the Congo,

1890-1910. London, T. F. Unwin, ed. 1—

1906; N, Y., Viking pr., ed. 2—1920. 225 p.
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fed 2) [eel. 1—India Rubber World 35,

124 (1907)].

Starr, F. Truth about the Congo; the “Chicago
Tribune” articles. Chicago, Forbes & Co.,

1907. 129 p. lindia Rubber World 37, 4

)1

State* Slavery in Peru; report.
(62d Congress, 3d session. H. Doc. 1366)
1913. 443 p. pa.

See aho: CULTIVATION AND PREPARA-
TION OF CRUDE RUBBER (for situations
in respective countries); FICTION: L., J. W.

SOCIETIES, ETC.
Algemeene Vereeniging van Rubberplanters

ter Oostkust van Sumatra (“Avros").
Pprver^^ng (annual report). Medan, Vare-
Lirp, I 1910; 22 -July 1, 1931—June 30,

1932, 45 p. (No. 22)
Algemeene Vereeniging van Rubberplanters

ter Oostkust van Sumatra. Mededeelingen.
See Archief voor de Rubbercultuur (in list of

journals). ATcdcrloolinrrcn van bet bestuur.

No, S3 (Nicr.wc RcckO -July 1—Sept. 30,

1933.

— Notulen dcr jaarlijkscbe & der builengewonc
alge-rc-o vc-ra-'^oHriar dcr A. V. R, O. S. in

het <‘l:u'.:'.v d.*:- A. V. R. O. S. (Min-
utes of meetings.) No. 72—Sept. 26, 1932.

Algemeene Vereeniging van Rubberplanters
ter Oostkust van Sumatra. Algemeen'
Proefstation. Vcnslag van den Dirccteur.
(Mededeelingen, Algemeene .Scrie) Annual,
No. 1 (1917)—date, about 30 p.

Deutsche Kautschuk-Gesellschaf t. IVl itglieder-

ver2eichnis, April, 1934. 8 p. [Beilage zu
Kautschuk 10, April (1934)].

— Satzung. Berlin, ^1930. 4 p. (RABRM)
— Yearbook. Berlin, ed. 1-1933, [Rev. gen.

caoutchouc 10, sup. p. iv (Feb,, 1933)].
Handler-Verband fur Gummi-, Asbest-, und

Technische Bedarfsartikel E. V. Fiinf-

iindzwanzig Jahre Hiindler-Verband fur
Gummi-, Asbest-, und technische Bedarfsartikel
E. V. 1931. 10 p. (RABRM)

Havaiian Rubber Growers* Association. See
CULTIVATION AND PREPARATION OF
CRUDE RUBBER—ASTA : Waterhouse,
F. T. P.

Incorporated Society of Planters. Book of

lectures, I. S, P. Conference, 1929.

(RABRM)
— Lectures delivered at the Planters* Conference

under the auspices of the Incorporated Society
of Planters in Kuala Lumpur, 12th, 13th,

14th July, 1924. Kuala Lumpur, 1925.

129 p. (RABRM)
India Rubber Manufacturers* Association.

Annual reports and year honk, 1922 to 1925,

1926-27, 1928-29 eds, 39, 62, 41, 87, 62, 83 p.

(RABRM)
Institution of the Rubber Industry. List of

members. London, Sept. 1, 1933. 50 p.

-Yearbooks. 1--I922; 2 U923; 3—1923-24
[Continued by the Trans. Inst. Rubber Ind.

See list of journals].
International Association for Rubber and

Other Cultivations in the Netherlands
Indies. Annual reports: 1—1915; 18—1932.

[India Rubber World 52, 603 (1915);
Rubber Chcni. Tech. 6, vii (1933)].

International Association for Rubber and
Other Cultivations in the Netherlands
Indies, Propaganda Dept. Annual reports:

1—1923; 10—1932. [Rubber Chem, Tech.

6, vii (1933)].
Malaya. Planters* Association. See Planters*

Association of Malaya, Inc.
Malaya. Rubber Research Institute. See

Rubber Research Institute of Malaya.
Nederlandsche Vereeniging voor den Rubber-

handel. Statuten der Vereeniging. Amster-
dam, 1925. (KI)
Reglement voor den liandel in rubber op de
Nederlandsche markt. Amsterdam, 1925.

(KI)
,— Reglement voor het Rubber Arbitrage Bureau.

Amsterdam, 1925.

Ne<^rlandsch-Indische Vereeniging voor den
RubberhandeL Statuten, standaard-contract,
keunngs- en r.*-Htrrr^c-rcg!e:v.o: \ vastgesteld
der algemeen -. v. 28 April, 1921,
laatstelijk gewijzigd ter algem. vergadering
V. 26 Sept., 1927. Weltevreden, 1927.

Netherlands East Indies. Dept, of Agricul-
ture, Industry and Commerce. Gutta-
percha-Onderneming te Tjipetir CProang
Regentschappen-Java) Verslag. 3—1916.
Batavia, G. Kolff & Co., 1917. 67 p. 4—1917.
Weltevreden, Albrecht & Co., 1918. 69 n.

(RABRM)
Planters* Association of Ceylon, Inc. Year-

book for the year 1924, Kandy, 1925. 13-216,
51, 134, 64, 42 p. (RABRM)

Planters* Association of Malaya, Inc. Annual
report and year book. (Issues for 1922-23 to
1929-30 noted) [Rubber Ane (London) 12,
206 (1931)].

Planters* Benevolent Fund of Malaya, Inc.
Report and accounts for the year ended 31st
March, 1929. Kuala Lumpur, 1929, 9 p.
(RABRM)

Proefstation voor Rubber (Rubberproefsta-
tion West-Java en Centraal Rubberstation).
Jaarverslag (anr.ur.l report! van den directeur.
Buitenzorg, Archipe! Drukkerii, issued an-
nually, 1930-. (1926-29, the title of the pub-
lication was Vereeniging Rubberproefstation
West-Java en Centraal Rubberstation. Jaar-
verslag van bet Bestuur van de . . . ) 41 p.

(1930).
Reichsband der Deutschen Kautschukindus-

trie. Das Mitgliederverzeichnis des Reich-
verbandes der Deutschen Kautschukindustrie,
E. V. Berlin, The Association, No. IS—1932
[Kautschuk 8, 133 (1932)1.

Research Association of British Rubber Manu-
facturers. Annual reports, Croydon, Enu-
land, 10-12, 1929-1931. (Not published priur

to 1929.) (RABRM)
Research Association of British Rubber and

Tyre Manufacturers. Opening of the new
laboratories hy the Right Hon. Lord Cnhv>n,
on the 26th July, 1922. Croydon, 1922. 24 p.

(RABRM)
RABRM Information Bureau Circular 144.

R. A. B. R. M. Twelfth annual meeting and
luncheon; by T. R. Dawson.^ 1932. 13 p.

Rubber Association of America, Inc. Rules

and regulations to govern transactions be-

tween sellers and factory buyers of crude rub-

ber in the U. S. A. N. Y., 1928. 6 p.

(RABRM)
, „

Rubber Association of Canada. Report nr the

manager and secretarv. Financial statement;

by A. B. Hannay. Jan.. 1930, duplicated

typescript. 8 p. (R.4BRM)
,

Rubber Club of Great Britain. Preliminary

statement of the raison d’etre and objects of

The Rubber Club of Great Britain. London,

(1921) 11 p. (RABRM)— • ‘ ^— (Genera!

XS.CUUl.t Ul. W —

R. G. A. London, 1929. (KI)
- Report of the council and statement of ac-

counts. (Containing list of memhers) Lon-

don, The Association, No. 23—1931. (Issued

annually) 50 p. (No. 23).
, _

.ubber Growers* Association and Research
Association of British Rubber and Tyre
Manufacturers. Report of the technical con-
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ference held under the auspices of the R. G.
A. and R. A. B. R. M. London, 1924. 44 p.

Rubber Manufacturers Association. (Founded
in 19p0 as New England Rubber Club. In
1909 incorporated as Rubber Club of America.
Name changed in 1917 to Rubber Association
of America, Inc. In 1929 name again changed
to Rubber Manufacturers’ Association) Year-
books. (Contain lists of members, etc.)

N. Y., 1900-1929, issued annually.
Rubber Planters' Association of Mexico.

Yearbook, 1907-8 (first). Mexico City, 1908.
45 p. pa. ilndia Rubber World 38, 358
(1908)].

Rubber Research Institute of Malaya. Annual
reports. Kuala Lumpur, F. M. S., issued
annually, 1928—date. (Summarize important
woi'k of year.)

Rubber Research Scheme (Ceylon) (Culloden
Estate, Neboda, Ceylon) Report of the Ex-
ecutive Committee to members. (No. 1 cov-
ers 1921; No. 10 covers 1931) \_Ruhbcr
Chem. Tech. 2, xcvii (1929)] 28 p. (No. 10.)

Rubber Research Scheme (Ceylon) (Culloden
Estate, Neboda, Ceylon). Special Circular.
Value to rubber grov.’cr'^ of the work in Lon-
don of the Rul'/ber Re-!ca’'ch Scheme. Kandy,
1930. 6 p. (iRABRM)

Rubber Roadways, Ltd. Report of directors
and balance sheet. London, 1—1915; 16—

•

1930. 4 p. each {RABRM)
Rubber Trade Association of London. General

regulations relating to the constitution, and
bye-laws. London, Eccles & Son, 1920.
48 p. (.RAERM)— Officers, committees, members, arbitrators.
London. 1930, 1931, 1932 eds. noted. 4 p.

each. iRABRM)
Rubber Trade Association of New York. Mem-

bership list. (Reference from Natl. Assoc, of
Purchasing Agents, “Report A-9: Rubber.”)

Singapore Chamber of Commerce Rubber
Association. Rules and hve-laws. Singa-
pore, 1924. 57 p. iRABRM)

Syndicat des Planteurs de Caoutchouc de
LTndochine. Annuaire. Saigon, 1928.
(KI)

Syndicat Pr<^essionel des Caoutchouc, Guttapercha, Tissus Elastiques, and I
Professional des Fabricants de
Cables Electriques. Annuaire, 192s ^Pans, 1924. 280 p. in 2 parts 7?i
her World 70, 456 (1924)] Also,
Pans, 1925. 112 p. (RABRM) ^

Tire and Rim Association, Inc. Yearbooks
(Give sizes of tires, etc.) Cleveland, issuedannually. (The name of this association hasvaried; 1902—Clincher Automobile Tire
:\raiu!iac{uro's Association; 1917—Tire
Riiii A.'.'^ociatioji

;
1922—Tire and Rim Asso

ciation of America, Inc.)
°

United Planters' Association of Southern
India. Annual report, 1926-27, bv H Acii
plant. 1927. 27 p. iRABRM)

United Planters' Association of Southern
India. Scientific Dept. Bulletins.
CULTIVATION AND PREPARATION OFCRUDE RUBBER-GENERAL: Ashplani;

Verband Schweiz Motorlastwagenbesitzer
5-e^ TIRES—TESTING: Montefl E

*

Vereeniging Centraal Rubberstation. Jaar-
verslag van bet bestuur. Batavia, Ruvcrrnk .<;•

Co., & Weltevreden, G. Kolff & Co.,̂ 'issued
annually, 1915-1925. 71 p. (1925) Continued
by “Vereeniging Rubberproefstation West-
Java en vati dc \'rn‘t‘iu;-i:ig Centraal Rubber-
station.”

Vereeniging Rubberproefstation West-Java.
Jaarverslag, 1916. (Mededeelingen, No 8)
1917. 36 p. (RABRM)

Vereeniging Rubberproefstation West-Java
en Centraal Rubberstation. Jaarverslag
van het bestuur. Batavia, Ruygrok & Co.,
issued annually, 1926-1929. (Before 1926!
see Vereeniging Centraal Rubberstation and
also Vereeniging Rtibl)erproefstation West-
Java; after 1929 see Proefstatinn voor Rub-
ber. )

See also: DIRECTORIES; ECONOMICS AND
STATISTICS: Rul^ber Exchange of New
York.

SPECIFICATIONS
(No attempt has been made to list individ-

ual specifications, but some of the more impor-
tant indexes to specifications are noted here.)

American Railway Association specifications
for mechanical rubber goods. N. Y., Rubber
Assoc, of Am., Inc., 1929. 40 p. [India
Rubber World 79, 83 (March, 1929)].

American Railway Association. Mechanical
Division. Manual of standard and recom-
mended practice; Section A—Snccifications for
materials. Chicago, 1934. (.Standard.- and
recommended practices for axle belting, air
brake hose gasket.s. various types of hose, and
general iesil'iir methods for mechanical rubber
goods may be^ purchased separately.)

American Society for Testing Materials
(Philadelphia, Pa.)
Standards. (Issued triennially—latest ed.
1933.)
Tentative standards. (I=‘^"er' '-,--rPvD
Proceedmg.s. (Issued 1 r. v. '-date,
1898- -date.)

(All contain occasional material on methods
of testing rubber and rubber goods.)

British Standards Institution. Indexed list of
British standard ^nerifertirn-. (C. D 2000)
London, 1934. 62 n. ( V. .o’.-Vl.')

RABRM Information Bureau Circulars.
15—List of specifications for rubber goods

and products related thereto, contained
in the Research Association Library, by
R. N. Johnson. 1925. 9 p.

69—Specifications and standards in the Li-
brary on Nov. 30, 1927, by L. H. N.
Cooper. 1927. 44 p.

160—Specifications for rubber goods. I.

British; by T. H. Messenger. 1933.
17 p.

RABRM Laboratory Circular 22. U. S. Govt,
master specification for pneumatic tires, solid

tires, and inner tubes. Revised edition. 1927.
9 p.

U- S- Dept, of Commerce. American Marine
Standards Committee. AMSC 1-75. Ameri-
can marine standards; lists and indexes.
1931. 10 p.

U. S. Dept, of Commerce. Bureau of Stand-
ards.

^
Circular 378. Alphabetical index and

numerical list of Federal Snecifications promul-
gated by the Federal Specifications Board
(complete to November 1, 1929). 1929.

18 p. (For late- see U. S.

Treasury Dept. Ik; Federal
Standard Stock (h-. :r.’.r-c-.o

U. S. Dept, of Commerce. Bureau of Stand-
ards. Commercial Standards. (Indexed in

li.st of publications of U. S. Bureau of Stand-

ards.)
U. S. Dept, of Commerce. Bureau of Stand-

ards. Miscellaneous Publication 130. /
National directory of commodity specifications;

classified and alphabetical lists and brief de-

scriptions of specifications of national recog-

nition; prepared by C. W. Ingels under the

direction of A. S. McAllister. (Supersedes

Misc. Pub. No. 65 (1925), which was ed. 1)

ed. 2—1932. 548 p. [India Rubber World

88, 60 (Sept., 1932)].
U. S. Dept, of Commerce. Bureau of Stand-

ards. Simplified Practice Recommenda-
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tions. (Indexed in list of publications of

U. S. Bureau of Standards.)

U. S.* Navy Dept. Index to specifications used
’

by- the Navy Dept, for naval stores and ma-
terial; arranged alphabetically; issued quar-

terly. July 1, 1933 edition corrected to and
including July 1, 1933. 61 p.

U. S. Treasury Dept. Budget Bureau. Fed-
eral Standard Stock Catalogue Board.
Federal standard stock catalogue. Section D’',

Federal =prc-firr.*ir:n". Part I—Index; re-

vised to O.'.. 1. 1933. 69 p. (Cur-
rently issued specifications are listed in the

Monthly Catalog of U. S. Public Documents.)

SPONGE
RABRM Information Bureau Circular 50.

Sponge rubber, by T. 1C Dawson. 19J6.

14 p.

RABRM Laboratory Circular 25. Tests on a
range of samples of expanded v d)ber, by H.

h^edei'al stajiidard stuck catalo.etie. Section 1

Part 5—ZZ-R-601: Federal specification for
rubber goods: general specifications (methods
of physical testing and chemical analysis)

;

superseding U. S. G. M. S. 59a, 'l930.
30 p.

U. S. Treasury Dept. Procurement Division.
(This Division issues “Specifications and
proposals for q,;- govcrnmcr.t
for the fiscal ;

= -.
! fiio Mimi-'N Ca:a-

logof U. S.
U. S. War Dept. Index of U. S. Army and

Federal ^occification^ used by the War Dept,
Jan., 19.13. 2u.' p.

Sec also: Under specific subjects,

RUBBER
F. Church and FI, A. Daynes. 192S. 15 p.

U. S. Dept, of Commerce. Bureau of Stand-
ards. Circular 377. Some properties of

sponge rubber. 1929. 8 p.

STATISTICS
See: ECONOMICS AND STA'I'ISTICS

; DIRECTORIES

SUBSTITUTES
See: FACTICE; SYNTHETIC RUBBER

SYNTHETIC RUBBER
Bersch, _J. Cellulose, cellulose products, and

artificial rubber; authorized translation from
the German by W. T. Jlrannt. Philadelphia,
H. C. Baird and Co., 1904. 345 p. [India
Rubber WorUi 31, 122 0905)].

Bersch, J. Zellulose, Zelluloseprodukte und
T.tT . ( Cheiniscli - technische

'ik, N . .. 9) k'ienna & Leipzig, A.
Hartleben, ed. 1—1904; ed. 2, rev. by P. E.
Altmann—1922. 239 p. (eel. 2) [Gununi-Ztg.
37, 318 (1923)].

Ditmar, R. Die Synthese des Kaut^chuks.
Dresden & Leipzig, T. Steinkojiff, 1912.

124 p. [/nd. Eng. Chem. 5, 174 (1913)].
Geisler, K. Kiinstlicher Kautschuk fiir elek-

trisclie Isolierungszwecke; (from the Verlag
des Vereines deutscher Ingenieure). Berlin,

J. Springer, 1922. 89 p. pa. [India Rubber
World 67, 231 (1923)].

6'6’a- botany

Kondakov, I. L. Sinteticheskii Kauebuk; ego
gomoloyi i analogi, (In Ku>>ian) 1912.
151 p.

RABRM Laboratory Circular 92. Tests on a
new substitute for ruliber; by R. Durey and

J. R. Scott. 1932. 13 p.

Schotz, S. P. Synthetic rubber. London, E.

Berm, Ltd., 1926; N. Y , \*an N<jst3*aiid

144 p. [Ind. Eng. Chem. 19, 434 (1927)].

Silberrad, P. D. Notes on synthetic rutrber, e't-

hihited at the rublier exhibition, 1911, Esse.v,

1911. (KI)
Ventou-Duclaux, L. Les caoutchoucs artificiel's.

Paris, Dunod et Pinat, 1912. 114 p.

See also: GENERAL: Grafngny, FI. ile;

CHEMISTRY: Dubose, A. C. and Lnt-

tringer, A. D.; Harries, C. D.; TECH-
NOLOGY: Lindemann, \V.

TAPPING

TECHNOLOGY (MANUFACTURING PROCESSES, ETC.)

GENERAL
Alcan, _M. Essai sur Findustrie des matieres

textiles comprenant le travail complet du coton,

du lin, du chanure, des laines, du cachemire,
de la soie, du caoutchouc, etc. Paris, Librairie

scientifinuc-irdu.stricl’c de L. Mathis (Au-
gustin)

,

‘

184 7. 760 p. (RABRM)
American Society for Testing Materials.

Symposium on developments in automodve
materials, (Contains paper by W. C. Keys
on “Advances in rubber for the automotive
industry.”) Philadelphia, A. S. T. M., 1930.

192 p. pa. [Rubber Age (N. Y.) 28, 272
(1930)].— Symposium on rubber held at Cleveland re-

gional meeting, Cleveland, Ohio, March 9,

1932. Philadelphia, A. S. T. M., 1932.

160 p.
Andes, L. E. Feuersicher-, Geruchlos- und

Wasserdichtmachen aller Materialien, die zu
technischen und sonstigen Zweeken verwendet
werden, mit einem Anhang: Die Fabrikation

des Linoleums. Vienna & Leipzig, Hartleben,

1922. 296 p. (RABRM)

Belgium. Ministere de L’ Industrie et du
Travail. Monographies industrielles, apercu
economique, technologique, et commercial.
Group VI—Industries du caoutchouc et de
ramiante. Brussels, J. T.cbegue & Co., 1907.

237 p. pa. [India Rnf'err 38, 222
(1908)].

Boggs, C. R. Modern progress in rubber com-
pounding. Boston, Simplex Wire & Cable Co..

1931. 28 p.

Brannt, W. T. India rubber, gutta-percha and
balata. Philadelphia, H. C. Baird & Co.,

‘1900; London, Sampson, Low. IMarston &
Co., Ltd. 328 p. [India Rubber World 22,

278 (1900)].
. ,

Chaplet, A. Manuel de Findustrie du caout-

chouc. Paris, J. B. Bailliere et Fils, 1925.

247 p.
Collins, J. Hides, leather, gutta-percha and India

rubber. (British manufacturing industries)

London, E. Stanford, Ltd., 1876.

Delahaye, V. A. & Cie. Decoration sans poison

des jouets eii caoutchouc par des peintures^ a

rhuile inoffensives; precede de E. Turpin,
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suivi (I’uiie note sur I’eosine et la fluoresceine
par A. Cahours. Paris, V. A. Delahaye &
Cie, 1878. 16 p.

Desormeaux, A, P. Nouveau manuel complet
du fabricant d’objets en caoutchouc, en gutta-
percha et en gomme factice. Paris, M. Roret,
1855. 424 p.

Ditmar, R. Mischungsbuch fur die Kautschuk-,
Gutta-percha, Balata-, Kabel-, Isolier-, unci

Factis-industrie. Vienna, W. Bi-aumiiller,

1917. 170 p. pa,— Die Technologic des Kautschuks. Vienna, A.
Hartleben, 1915. 597 p. [India Rubber
World 53 , 123 (1915)].

Esch, W., comp, Der Gummitechniker; friiher

Handbuch der Gummiwaren-fabrikation. Band
1 — Allgemeiner Teil: Band 2— Spezieller
Teil, Hamburg (Boysen & Maasch), Bd, 1

—

1910; Bd. 2—1912. 147 p. (Bd. 1) 172 p.

(Bd. 2).
“Factory Manager.” India rubber goods manu-

facture; a practical guide to the manufacture
of rubber goods. London, Maclaren & Sons,
Ltd., 1920. 496 p. [India R^lbber World
63 , 439 (1921)].

Fleury, R. de. Technologic du caoutchouc
souple; classement et utilisation des gonimes.
Regeneration, melanges, preparation, vulcan-
isation, institution d’lme usine. Paris, Dunod,
1920. 200 p.

Forster, H. tlber den Fabrikation von gummi-
elast. Biindern, Kordeln und Litzen. Leipzig,
E. Leuze, 1914. 63 p.

Gottlob, K. Technologic der Kautschukwaren.
Braunschweig, Vieweg & Sohn, ed. 1—1915;
ed. 2—1925. 340 p. (ed. 2) [India Rubber
World 53 , 295 (1916)].— Technology of rubber; authorized English edi-

tion, tr. and rev. from the German ed. of 1925
by J. H. Rosenbaum. London, Maclaren &
Sons, Ltd., 1927. 350 p. [Ind. Eng. Cheni.

19, 860 (1927)].
Gutta Percha Co- Pattern book of ornament.

London, n. d. 102 p. (RABRM)
Hauser, E. A., ed. Handbuch der Kautschuk-

techno’ogie. (Tn preparation) Berlin, Union
Deut.-che Verii'g.sgc.s., 1934 (?). [Kautschuk
9, xvi (Oct., 1933)].

Hausner, J. Darstellung der Textil-Kautschuk
und Leder-Industrie mit besonderer Riick-
sicht auf Militar-Zwecke. Vienna, 1875.
441 p. (RABRM)

Heil, A., and Esch, W. Handbuch der Gummi-
waren-Fabrikation. Dresden, Steinkopff &
Springer, 1906. 252 p. [India Rubber World
36

, 307 (1907)].— Manuel pratique de la fabrication du caout-
chouc et du p’-od'.’.its qui en derivent; tr. de
Fallemand par E. Ackermann. Paris, C.
Beranger, 1909. 283 p. [India Rubber
World 40, 352 (1909)].— Manufacture of rubber goods; tr. by E. W.
Lewis. London, C. Griffin & Co., Ltd., ed. 1—1909; ed. 3—1923; Philadelphia, Lippincott.
227 p. [India Rubber World 40, 352
(1909)].

Heinzerlmg, C. Fabrikation der Kautschuk-
und Gutta-percha-waren

;
sowie der Celluloids

und der wasserdichten Gewebe. (Handbuch
der chemischen Technologie) Braunschweig,

^
Vieweg & Sohn. 1883. 242 p.

Kirchhof, F. Fortschritte in' der Kautschuk-
technologie. (Technische Fortschrittsberichte,
Band 13) Dresden & Leipzig, T. Stein-
kopff, 1927. 210 p. [India Rubber World
76, 90 (1927)1.— Les progres de la technologie du caoutchouc;
tr. par W. Demarche et A. Andrien. Paris,
C. Beranger, 1929. 272 p. [India Rubber
World 81, 76 (Nov., 1929)].

Koller, T. Impragnierungs-Technik, Handbuch
der Darstellung aller faulniswiderstehenden,
wasserdichten und feuersicheren Stoffe.
Volumes 1 and 2. Vienna & Leipzig, Hart-

leben, Vol. 1—

3

(RABRM)
Lindemann, W., comp. Handbuch der Kant

schuk-Industrie, kautschukahnlidie StoS'
verarbeitenden Industriezweige und AcW/
Industrie. Berlin, Atlas-Verlag, Dr Alttl'thum & Co., 1931. 320 p. [India' T?^hh
World 84, 98 (Aug., 1931)].

Luttringer, A. D. Aide-memoire pour Industrie
caoutchouc et des niatieres plastiques ParJc
A. D. Cillard, 1923. 225 p. V‘
Rubber World 69 , 238 (1924)].

“

Maigne, M. Nouveau manuel complet du fabri-
cant d’objets en caoutchouc, gutta-percha
gonune factice, toile et taffeta cires, suivre
de rimpcrmoahili-atinn des etoffes, papiers
cuirs, cic. r.-.ris, M. Roret, 1880. 506 p’

in 2 vols. Also published in a new edition
ed. by G. Petit. Paris, (M. Roret) Mulo’
1906. Vol. 1—454 p.; Vol. 2- -324 i ’

Marzahn, R. Materialienkunde fiir den Kaut-
schuktechniker

;
ein Hand- und Nachschlage-

buch. Dresden, Steinkopff & Springer ed'’

1

—1906; Berlin, T. Steinkopff, ed. 2—1920
526 p. (ed. 2) [Gunr,;.i-A:(/. 35, 88 (1920)]— Matieres premieres de la fabrication du
caoutchouc, de la guttapercha et des industries
connexes; traduit de I’aHemand par J. Fritsch.
Paris, FI. Desforges, 1911. 358 p.

Mouilbau, J.
_

Situation a I’etranger de I’indus-
trie^ des tissus elastiques et de ses derives,
Paris,

^
Soc. Francaise d’lmprimerie et de

Librairie, 1903. 66 p.

Nissenson, G. N. India rubber manufacture.
N. Y., Spon & Chamberlain, 1891. 45 p. pa.

Pearson, H. C. Rubber machinery. N. Y.,
India Rubber World Pub. Co., ed. 1— 1915;
ed. 2—1920. 419 p. [India Rubber World
S3, 68 (1915)].

Pearson, Herbert. Das Wa««e’'dichtnac’'en von
Textilien; uebersetzt von Ppu'. Dr. 1*. Krais;
mit einem Or’*ginr'” oit'-r.-' uber “Die Herstel-
lung wasser<iic''lc o mit Flilfe von Kaut-
schuk” von Dr. F. Kirchhof. (Technische
FortcH''r«+t«be’*’chte. Band XVITT) Dresden

& J.o'wJg, 'l'.^ .-'.v-:-:'. 1928. 74 p.

(Original American edition, N. Y., Chemical
Catalog Co., Inc., 1924, had no section on

rubber proofing.) [Cummi-Ztg. 42
,

2225

(1928)].
Pellier, P. Guide de I’acheteur chi caoutchouc

manufacture, Paris, Dunod & Pinat, 1912.

339 p.
P.einhold, A. Sclilauch- und Gurtweberei und

die ihr angegliederte Gummiwarenfabrikation
in Deutschland. Neuruppin, Minimax A. G.,

1928. 80 p. (RABRM)
RABRM Information Bureau Circulars.

93—Classification of products, by T. R. Daw-
son. 1929. 5 p.

135—Dry-heat vulcanisation. Development of

its technical application; by P. Brede-

mann
;

tr. by T. R. Dawson, T. H. Mes-

senger and J. R. Scott. 1931. 16 p.

RABRM Laboratory Circulars.
40—Dry-heat vulcanisation. Part I, With

organic accelerators, by T. H. Messenger

and, in part, J. R. Scott. 1929.
_

IS p.

53—Dry-heat vulcanisation. Part II. Litharge

mixings; by T. FI. Messenger. 1929.

11 p.
RABRM Research Reports.

2

—

Investigations on the milling of rubber,

by J. D- Fry. 1921. IS p.

3

—

Considerations relating to the drying oi

rubber, by J. D. Fry. 1921. 12 p.

Rochard, J. Rapport adresse a FAcademie de

Medecine de Paris sur la decoration des

jouets en caoutchouc par les substances in-

offensives. Paris, G. Masson, 1879. 8 p.

(RABRM)
Rossem, A. van. American rubber industry and

its scientific research work; report concern-

ing a journey to attend the Raw Rubber
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Symposium at Pliiladeiphia and a visit to

some of the most important rubber factories

in the U. S. of North America. The Hague,
1927. 63 p.

— Amerikaansche rubberindustrie en hare
v.’e‘.cn«chappeliike xmorlichting. (Netherlands.

o' Ai^ricnituro. Industry and Commerce.
Verslagen en Mededeelingen van de Afdeeling
Handel en Nijverheid, 1927, No, 1) The
Hague, Govt., 1927. 68 p. (JRABRM)

— Die amerikanische Gummi-industrie und ihre
wissenschaftliche Arbeit; deutsch von M.
Pieck. Berlin, Union Deutsche Verlagsges.,
1927. 72 p. {India Rubber World 77, 79
(Nov., 1927)].

Schmidt, C. H- Der Fa!)rikant von Kautschuk-
und r:--ttrpr'-''’r,\v''re-. sowie mehrer Gegen-
stande ; 1. e- • Gummi . . . uber die
Verfc-tignng wasserdichter Zeuge, aller Arten
von \V’;!c]i'^ti:cii und lackirtem Leder. (Neuer
Scliauplatz der Kiinste und Handwerke, No.
227) Weimar, B. _F. Voigt, 1856. 207 p,

Stefan, A. Die Fabrikation der Kautschiik und
Leimmassetypen, -Stenipel D-uck'-'V-^ten.

sowie Verarbeitiing des Ko-ke-; t;;-.]

Korkabfalle. (Cbemisch-technlscbe Bibliotbek,
Band 131) Vienna, A. Hartleben, ed. 1—
I8S6; ed. 2-^-1899; ed. 3--1921. 333 p. (ed.

3) [India Rubber World 21, 61 (1899)].
Taubert, E., and Frank, F.

^
Maschinen fur

die Fabrikation von Gummiwaren. (Mono-
graphien zur Kautschuk-Technik, I) Berlin,
Union Deutsche Verlageges., 1913. 56 p.

[India Rubber World SO, 654 (1914)].
U. S. Dept, of Labor. Bureau of Labor Statis-

tics. Bulletin 447. Safety code for rubber
mills and calenders. International Association
of ^Industrial .Accident Boards and National

k'-y r*. -Mcib Rufil)cr Section, sponsors.
’I ’ American practice;^ approved,
March, 1927, American Engineering Stand-
ards Committee. 1927. 11 p.

U. S. Dept, of Labor. Training Service.
Training Bulletin 20. Training in the rub-
ber industry; rubber shoes—boots—arctics

—

tennis and fabric shoes, tires and inner tubes
(with bihliogratdiy) . 1919. 75 p.

^

Vaas, W. Die Kautscliukwareninduslrie Deutsch-
lands. Berlin, Union Deutsche Verlagsges.,
1921. 282 p. [Gummi-Ztg. 35, 657 (1921)].

Vries, O. de. Rubber on the market and in the
factory; report on visits made to^ markets and
factories in Europe and America in 1921.
»c H. L. Smits, 1924. 128 p. pa.
!' ‘7 World 72, 418 (1925)].

__ .',-0 markt en in de fabrieken; rap-

port van in 1921 gehouden studiereizen in

Europa en Anierika. Batavia, Vereeniging
Centi'aal Rubberstation, 1922. (KI)

See also: GENERAL; USES: (for specific

manufactures).

HANDBOOKS
Bamber, J, Bamber’s rubber calculator book;m the English and metric systems. London,

Maclaren & Sons, Ltd., 1920. 65 p. [India
Rubber World 63, 267 (1921)].

Cronshaw, H. B., comp. Rubber information;
an industrial and commercial conr^endin'r
London, L. Hill, Ltd., ed. 1— 1930-‘e(:
1932. 298 p. (ed. 2) [India Rn-bc/
82, 77 (Sept., 1930)].

Esch, W. Taschenbuch fur Gummitechniker.
Hamburg, issued annuallv (since 1927 or
earlier). 136 p. (1934 ed.) [Kaufschuh 9,
180 (1933)].

Gewichtsberechnung tecbnischer Gummiwaren

;

Anleitung und Tabellen; herausgegeben von
der^ Redaktion der “Gunimi-Zeitung.” Berlin,
Union Deutsche Verlagsges., 192S. 350 p.
[Gummi-Ztg. 47, 670 (1933)].

Graven, A. Zoll-handbuch fur die Gummi-
industrie. Berlin, L^nion Deutsche Verlagsges..
1910. 232 p. [India Rubber World 48, 575
(1913)].

Gummi-Kalender; Jahrbuch der Kautschiik In-
dustrie. Berlin, Union Deutsche Verlagsges.,
issued annually, 1906-1931. 330 p, (1931
ed.) (Also known as “Jahrbuch der Kaut-
schuk-indiustrieV and as “Kalender fur die
Gummi-industrie in verwandte Betriebe,” up
to the tenth edition. Edited bv E. Herbst,
1906-1909; by K. Gottlob. 1910-1925; and by
E. Hau.ser and K. Maier, 1926-1931).
[Kautschuk 3, 114 (1927)].

Marzoll,^ F. Anleitung zur Gow'c'ht^lierc-'’*;-”*'

c

tecbnischer Gummiwaren. =« if zn*- Evm;:".-
lung der spezifischen Zahlen. Berlin, Union
Deutsche Verlagsges., ed. I—1904; ed. 2

—

1909; ed. 3— 1921. 40 p. (ed. 3) [Gumnii’
Ztg. 35, 837 (1921)].— Warenknnde fur den Gummi waren-IIatidler.
Berlin, Union Deutsche Verlagsges., ed. 2—

-

1924. 184 p.

Pinkney, W. G., and Watkins, P. Rubber
manufacturers’ and for-

mulae; ed. ])y ];. S-; - London, Rub-
ber Age, 1924. AO ;. Rubber li'ori^i

71, 26 (1924)1.
Research Association of British Rubber Manu-

facturers, comp. Handbook of physical and
chemical properties of rubber; prepared for

the Rubber Growers’ Association. 400 p. f

[In orcr'r’-^,'‘f;rn InR': Rubber World 89, 49

(Nov., iS33)].

Vanderbilt, R. T. Co. Vanderbilt 1932 rubl^er

handbook; ed. by W. F. Russell. N. V., R.
T. Vanderbilt Co., ed. 6—1927; also 1932 ed.

174 p. (1932 ed.) [India Rubber World 86,

79 (July, 1932)].

TESTING
See: PHYSICS AND PHYSICAL PROPERTIES; SPECIFICATIONS

TEXTILES
RABRM Information Bureau Circulars.

1

—

Arghan fibre, by R. N. Johnson. 1922.

2 p.
2

—

Columbian pita fibre, by R. N. Johnson.
1922. 2 p.

RABRM Laboratory Circular 95. Durability
tests on rubberised cotton and cellulose acetate

fabrics; by B. D. Porritt and J. R. Scott.

1932. 4 p.

RABRM Research Reports.
9—Effect of heat on cotton. Part 1. Initial

changes in tensile strength of uiiproofed

fabric, by B. D. Porritt and A. H. Tilt-

man. 1923. 11 p.

28—Effect of heat on the solution viscosity of

cotton, by F. D. Farrow. 1924, 7 p.

See also: TECHNOLOGY; TIRES.

TIRES
GENERAL

Betz, L. Die Beretfungsfragen beim Lastkraft-

wagen; eine Kampfschrift gegen die Vor-
schriften der Kra ftsverkehrsordnung vom 15

Juli, 1930. StuUgan, Industrie Verlags und

Druckerei, G. m. b. H., 1932. 89 p. [ivowf-

schuk 8, 133 (1932)].
Bucb, M., and Schmidt, R. Reifen, Felgen und

Rader, (Autotechnische Bibliothek. Band 41)
Berlin, R. (2. Schmidt & Co,, ed. 2—1920;
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ed. 3— 1929. 140 p. (ed. 3) iCiimmi-Zty.
43, 1082 (1929)].

Cayard, L. H. Automobile tii'e handbook; not a
scientific treatise but a handbook for the use
of the car own.er and automobile operator.

N. Y., Automobile Tire Handbook Co., 1917.

128 p-

Deutsche Dunlop Gummi Co., A. G. Dunlop-
Reifen-Almanach, 1933. Hanover, 1933.

96 p. [Gummi-Ztg. 47, 589 (1933)].
Dyke, A. L. Automobile and gasoline engine

encyclopedia; with supplement. (Pages 590-

628 on Tires). Chicago, Goodheart-Willcox
Co., ed. 16—1931. 1233 p.

Ferguson, J. C. Ferguson’s book of motor
tyres. London, Crosby, Lockwood & Son.
1924. 106 p. [Rubber Age (London') S, 592
(1925)].

Goodell, F. R. Tire making and merchandising.
N. Y., U, P. C. Book Co., 1918. 222 p.

[India Rubber World 58, 547 (1918)].
Goodyear Tire and Rubber Company. Story

of the tire. Akron, ed. 4—1929; ed. 5

—

1933. 48 p. pa.

Harmsworth, A. C. Motors and motor driving
(containing section on “Tyres,” by C. L.

Freeston). London, Longmans, Green & Co.,

ed. 2—1902. 476 p.

Hayden, J. W. Tire economy. Cambridge.
Wis., Author, 1914. 31 p. pa.

Healey, A. Tire as part of the suspension sys-

tem. London, Inst, of Automobile Engineers,
preprint, 1924. 45 p. [Rubber Age (N. Ik)

17, 214 (1925)].
Homans, J. E. Self-propelled vehicles; a prac-

tical treatise on the theory, construction, opera-

tion, care, and management of all forms of

automobiles. (With chapters on tires.)

N. Y., T. Audel & Co., ed. 2—1904; ed. 7-

1910. 598 p. (ed. 6) [India Rubber World
36, 307 (1907)].

Kennedy, R. W. Over 200 ways to u.se old

tires and tubes. Lucerne, Kansas, Author,
1923. pa.

Legoux, H. Le pneu-cuir anti-derapant. (Le
caoutchouc. La vulcanisation) Traite theore-

tique et pratique. (Brussels) ;
Paris, H.

Desforges, 1908.
Macbeth, C. Design and manufacture of pneu-

matic motor tyres. Inst, of Automobile En-
gineers, preprint, 1921. 62 p. (RABRM)

Mauni, Baron de. Bandages o'-

la resistance au roulement; c: k c

et pratique. Paris, Dunod, 1899. 138 p.

Michelin, A. Le pneumatique; .son application
aux voitures a chevaux et sans chevaux; con-
sequences de cette application. (Reprinted
from Mem. Civil Eng. France) Paris, 1896.

Misset, H. Onderzoekingen omtrent het gedrag
van Autobanden op een effen weg. (Thesis,
Technische Hoogeschool. Delft) Delft, N. V.
Technische Boekhandel en Drukkerij J. Wait-
man, Jr., 1931. 112 p. (RABRM)

New York (City) Public Library. Automobile
tires; a list of references in the New York
public library; comp, by M. B. Konstanzer,
Technology Division. N. Y., N. Y. Pub.
Lib., 1923. 25 p.

Noble, L. E., and Roenigk, J. A. Periodic in-

spection. (Instruction manuals for automo-
bile mechanics. Maintenance series) (With
section on care and repair of tires), N. Y.,
McGraw-Hill Book Co., 1929. 91 p.

Pauli, W. H. Standardisation of sizes of rub-
ber tyres (nrer.matic and solid) and rims
therefor. London, Briiish Rubber Tvre Mfrs.
Assn., Ltd., 1918. S & 11 p. (RABRM)

Pearson, H. C. Pneumatic tires, automobile,
truck, airplane, motorcycle, bicvcle. N. Y.,
India Rubber Pub. Co., 1922. 1322 p.
[India^ Rubber World 67, 30 (1922)].— Gummireifen und alles darauf Bezuglichc;
iihersetzt von R. Challamel; bearbeitet von
R. Ditmar. Vienna, A. Hartleben, 1910.
224 p.

— Ruljber tires and all aljout them; pneumatic
solid, cushioi-;.

. fnV
biles, cycles, i vt-i.k. - of every descrimS°’

I'i'. Co., ikok.
[Iiidta Rubber .r. 35, 164 (1907)1

^

Petit, H. Le pneumatique. (Bibliotheque duchauffeurs) I’aris, Duiiod & Pinat, 19D
343 p.

Regler, E., and Frank, F. Die Fabrikation desBereifniigsinaterials. rTvrr,,-.r.-—.i.;-.,

Kautscliukteclinik, Band
Deutsche Verlagsges., Ik
Rubber World 50, 654 (1914)].

'' “

RABRM Information Bureau Circulars 24
Literatin-e relating to tyres, by R. M
son. 1926. 6 p.

RABRM Laboratory Circulars.

15—Goodyear auto top dressing and tvre
paint, by T. H. Messenger and T R
Scott. 1926. 2 p,

23

—

Examination of eleven British 30 in by
3^2 in. pneumatic tyre covers, by h’ \
Daynes, E. B. Johnson, and R. N fohn-
son. 1927. 7 p.

‘ •'

24—

Notes on specification of tread rubber
volume in a pneumatic tyre, by H \
Daynes and R. N. Johnson. 1927. 4 V

36—Stationary pressure gauge connection for
a pneumatic tyre, by E. B. Johnson and
W. F. Raine. 1928. 3 p.

42-- Comparison of Revertex and smoked sheet
in a tire tread mixing, by J. R. Scott
1929. 5 p.

65— Draft specifications for high pressure
pneumatic tyre covers; by H. A. Daynes
and B. D. Porritt, 1930, 14 p.RABRM Research Reports.

7—Examination of the tread of a section of
Dominion Nobby tyre, by T. R, Dawson
1923. 8 p.

21—Examination of a liga solid tyre, by (i

Gallic. 1925. 7 p.
Roos, J. O. Provning och klassificering av auto-

mobilgummiringar. (Testing and classifica-

tion of rubber tires for automotive vehicles)
Stockholm, Statens Provningsanstalt, 1925.

26 p. (RABRM)
Sender, G. La falirication des pnenmatiques.

Paris, Dunod, 1900. 48 p.

Tufford,^ H. H. Tire busines.s answered; 2.2.tU

questions and answers. Minneapolis, Minn.,
Dunwoody Industrial Inst., 1921. 471 p,

U. S. Dept, of Commerce. Bureau of Stand-
ards. Circulars.

320—-Puncture-sealing compounds for pneu-
matic tires. 1927. 6 p.

341—Use and care of automobile tires. 1927.

27 p.

U. S. Dept, of Commerce. Bureau of Stand-
ards. Letter Circular 267. Pneumatic tire

equipment. 1929.
U. S. Dept, of Commerce. Bureau of Stand-

ards. Simplified Practice Recommendation
Rl 03-29. Industrial truck tires; effective

date Sept. 1, 1929. 1930. 9 p.

Vieillard, K. Ausbe'^'^erung der Luftreifen.

(Klasings Auin-Bi'icbcr. liand 12) Berlin,

von Klasing & Co., 1920. 52 p. [Gummi-
Ztg. 34, 1088 (1920)1.

also: PATENTS: Great Britain;

SOCIETIES: Tii-e and Rim Association;

USES: Macbeth, C.

HISTORY
Bartleet, H. W. Bartleet’s bicycle book. (His-

tory of tires.) London, E. J. Burrow & Co.,

Ltd., for Dunlop Rubber Co., Ltd., 1931.

186 p. [Rubber Age (London) 12, 346

(1931)].
. ^ ^

Dunlop, J. D. History of the pneumatic. Dub-

lin, A. Thom & Co., Ltd., 1924 (?). 103 p.

[India Rubber World 70, 739 (1924)].
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Glynn» F* History of tlie clincher tyre and
rim. Edinburgh, North British Rubber Co.,

Ltd., 1900 (?). 63 p. pa. [India Rubber
World 23, 154 (1901)].

Goodrich, B. F.
_
Co. Best in the long run

—

what? Goodrich pneumatic tires; embracing
the history of pneumatic tire development;
written in the Sales Training Dept. (Good-
rich employees reading course, Vol. 3) Akron,
1918. 161 p.

— Solid facts; a story of the development, manu-
facture and use of solid rubber tires. (Good-
rich employees reading course, Vol. 4) Akron,
1918. 143 p.

REPAIRING
Frost, H. & Co., Ltd. Harvey Frost guide to

the re-treading of motor tyres. London, H.
Frost & Co., Ltd., ed. 1--1914; ed. 2—1919.
184 p. (ed. 2) [India Rubber World 63,
128 (1920)].

— Motorist’s handbook on vulcanizing and the
care of tires. London, H. Frost & Co., Ltd.,

1916 (?). 56 p. [India Rubber World 55,
ISO (1916)] [Also 1920 ed. 64 p. India
Rubber World 63, 188_ (1920)],

Grobowsky, F. Neuzeitliche Reifenreparaturen;
Handbuch fur Reparateure. Berlin, Union
Deutsche Verlagsges., 1932. 185 p. [India
Rubber World 86, 83 (May, 1932)].

Kasper, R. H. Tire repairing; a concise and
complete discussion of tire repairing in all

of its many phases. Cincinnati, Am. Auto-
mobile Digest, 1925. 201 p.

RABRM Laboratory Circular 3. “Sparegum,”
by T. R. Dawson and T. IL Messenger,
1926. 5 p.

Rubber Manufacturers* Association, Inc.

RMA manual of tire repairing. N. Y., Rul)-

her Manuf. Assoc., ed. 3— 1929. 55 p. [Rub-
ber Chem. Tech. 2, xcviii (1929)].

Scbarffenorth, P. Die Reparatur von Automo-
bil-Pneumatiks. (Monographieti zur Kaut-
schuk'Technik, IX,) Bniin, I nion Deutsche
Verlagsges,, ed. 1- -1914; ed. 2 -1920.

74 p. (ed. 2) [Giimmi-Ztg. 34, 1113 (1920)].
Struwe, H. Pneumatik-Renpr.Tt”ren. (Autn-

technische Bibliotbek, Iki-ul 9i) Berlin, R.

C. Schmidt & Co., 1929. 117 p. [Gumnii-
Ztg. 44, 716 (1929)].

Tufford, H. H. Better tiremen; a complete
training key for the use of the novice or
expert. Minneapolis, Minn., Dunwoody In-

dustrial Inst., 1921. 291 p.
— Tire repairing and vulcanizing, Minneapolis,

Minn,, Dunwoodv Industrial Inst., 1918.

98 p. [India Rubber World^ 59, 256 (1919)].
— Tires and vulcanizing. Minneapolis, Minn.,

Dunwoody Industrial Inst., 1920. 410 p.

U. S. Adjutant General’s Dept. U. S. Army
Training Manual 51. Tire repair for mili-

tary specialists; prepared under the direction

of llse Onar‘.erma>ior General, Army, 1922.

1923. 142 p.
Webb, P. W. Automobile tires and vulcanization

. . . under the direction of C. R. Strouse.

(International library of technology; blue hook
series. No. 127) Scranton, Pa., Int. Text-

book Co., 1928. 125 p.

TESTING
Ariano, R. Strada e traffico; logorio stradale,

consumo di potenza, e vibrazioni degH edifizi

in relazione .'"Va dei veicoli.

Milan, U. Ploen:'. Iv.U. ?•’') n. iRABRM)
Ashman, A. O. Dcun- '-'i.'-ti'”- of tire tempera-

tures. (New Tv.-.'-C'- y.h c Co.. Research Bul-
letin) 1924. ‘

14 p.
Becker, G. Automobilbereifen ;

Ergebnisse
wissenschaftlicher Untersuchungen von Reifen
in der Versuchsanstalt fiir Kraftfahrzeuge
der technischen Hochschule zu Berlin. Ber-
lin, M. Krayn, 1927. 97 p. pa. [India Rub-
ber World 77, 79 (Nov,, 1927)].
Schnellastwagen mit Riesenluftreifen; Ver-

suchsergebnisse am Zwei-tonnen-Sclinellast-
^^^nich & Berlin, R. Oldenbourg,

1923. 44 p. [Gummi-Ztg. 37, 318 (1923)].
Bieger, H. Reifenuntersuchungen auf dem

Nurburg-Rmg, d- T.r.r :!=--r.==r: und der
Laufmaschme. I):-;,-'!. Deutsche
Motor-Z., 1929. 12 p.

Depew, A. Abrasion machine by which
comparative wear tests can he made on
laboratory test pieces or on sections cut from
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formation of, by oxidation of rubber, 208
presence of, in latex, 160

Aldehyde fraction, from ozone degradation of
alpha-isorubber, 219

Aldehyde-ammonia accelerators,
detection of, 371-72
theory of action of, 322

Aldol, preparation of butadiene from, 247, 250
Aliphatic compounds, solubility of, in rubber, 510
Alkali purification of latex, 170-71
Alkali-purified rubber, molecular weight of, 234
Alkalies, determination of, in rubber, 359
Alkyl hydrorubber, 229-30
Alkyl magnesium halides, action of, on rubber

hydrobromide, 230^
Alpha-aminocaproic acid, effect of, on vulcaii-

i/ation, 307
Alpha-aminovaleric acid, effect of, on vulcaniza-

tion 308
Alpha-hydrorubber, 190
Alpha-isorubber, 199, 222,
analysis of, 217
chlorine content of, 217
decomposition of, 218
degradation of, by ozone, 217
hydrobromide of, 217
hydrochloride of, 217, 221
nitrosite of, 217
nitrosite, analysis of, 217
ozonide, analysis of, 218
preparation of, 217
structure of, 218
tetrabromide of, 217
vulcanization of, 217

Alpha-rubber, transformation of, 182, 183
Alstonia species, 39
Alumina, as filler for rubber, 498
Aluminum chloride, action of, on rubber, 188,

189, 192
Aluminum in rubber, determination of, 38S
Amines,
accelerator action of, 318, 320
effect of, on vulcanization with nitrobenzene,
.336

Amino acids, effect of, on vulcanization, 308
_

Aminocyclobutane, preparation of butadiene
from, 250

Ammonia,
as accelerator of vulcanization, 312
as anti-coagulant, 74, 82, 84, 85, 118
pre.servation of latex with, 84, 85
solubility of, in rubber, 513
stabilization of artificial latex with, 248

Ammonium polysulfide, vulcanization with, 313

Amorphous ring, 445, 448, 458
Amyl halides, as polymerization catalysts for

isoprene, 266
Amyl nitrite, as polymerization catalyst for iso-

prene, 266
Analysis of latex, 163
Analysis of rubber, see Chemical analysis and

Physical testing.

Aniline,
as accelerator of vulcanization for chloroprene,
248

detection of, in rubber, 359
effect of, on the accelerating action of xan-

thates and dithiocarbamates, 328
first use of, as accelerator, 316

Anisotropic behavior of rubber, 39S
419, 423-25, 427, 430, 431, 432, 434
445, 458

effect of rate of extension on, 460
effect of temperature on, 460
niolecular seat of, 457

Anisotropic orientation of molecules, 4
Anisotropic pigments, 399, 458
Anisotropy of stretched rubber, 458, 469
Anisotropy of synthetic rubber, 427
An tt'-coagu 1an t s

,

402, 416,
435, 440,

'I, 423

r 'll': f.r. i:! I vc-l'; h air bubbles, 144
used in paring method of tapping, 82
used in preparing crepe rubber, 1 IS
used in preparing sheet rubber, 115

Antimony in rubber, detenninatioii of, 386-88
Antimony pentachloride, action of, un rubber, 192
Antimony pr-ntr as accelerator of viilca:!-

ization, 312
Antimony sulfides, as fillers for rubber, 498
Antimony sulfides, microscopy of, 647, 6'9, 663-

64, 666-68, 673, 674-75
Antioxidants,

classification of, 617
discovery of, 19
fluorescence of, 643
natural, in acetone extract of rubber, 163,

165-66
natural, in Hevea rubber, 616
for protection again.st copper salt^, 616
for protection against light, 612
use of, in synthetic rubber, 316

Antioxygens, definition of, 617
Apocholic acid, for polymerization of butadiene,

268
Arc lamp for microscopic work, 640-41
Aromatic compounds, solubility of, in rubber, 51'1

Arsenic in^ rubber, determination 386
Arsenic trisulfide as accelerator of viilcanizati>*r..

.312
Artificial aging of rubber,

Geer oven test, 618
oxygen bomb test, 619

Artificial latex, preparation of. 248, 26S
Artificial rubber, sec also Synthetic rublier.

as accelerator for [idlvnierization of ss<»prenc-.

242
comparison of, with natural rubber, 2-16

discovery of, 243
elasticity of, 241, 243, 245, 249
molecular weight of, 253
preparation of, 266-68

Ash, see Mineral constituents.
Asia, rubber-bearing plants in, 38-39
Asphaltic substances, determination of, in rubbe;

compounds, 372-73
Asphalts, as fillers for rubber, 499
Association colloids, 230, 231, 232, 234
Association, during hydrogenation of rubber, 228.

231
Association of rubber, 234, 235, 252
Auto-oxidation of hydrorubber, 227
Auto-oxidation of rubber, 163, 168, 193, 207, 21 o

Azobenzene, solubility of, in rubber, 510

B

Bakelite, similarity’ of, to hydmcyclorubbers,
Balata,

collection of, 139
composition of, 139
determination of, 356
heat of combustion of, 461
physical properties of, 412
preparation of, 139
for polymerization of styrene, 267

similarity of, to thermoprene, 192

vulcanization of, 286
x-ray diagram of, 424

Ball crushing test, 589-93
Balloon fabrics,

impermeability of, to gases, 512, 513
testing of, 622-27

Bands, rubber, testing of, 541
Bar-shaped test strip, see Dumb-bell test strip.
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Barium peroxide, for i)olymerization of beta-
myrcene, 242

Barium in rubber, determination of, 386
Barium sulfate, dispersoid analysis of, SOS
Barium sulfate, see Blanc fixe; Barytes.
Bark rubber, 120

^

Barytes, microscopic detection of, 656
Barytes, as filler for rubber, 497
Bases, organic,

as antioxidants for synthetic rubber, 316
as vulcanization accelerators, 317

Basicity of organic bases, relation of, to accel-
erator action, 317

Beeswax, effect of, on vulcanization, 314
Bending, deformation by, 400
Bending tests on rubber, 584, 585, 586
Benzidine as catalyst for vulcanization of chloro-

prene, 248
Benzyl chloride, reaction of, on rubber, 192
Benzylidene rubber, preparation of, 192
Benzylidene-camphor, molecular weight of rub-

ber in, 232
Berek calcite compensator, 467
Beta-isorubber, preparation and properties of,

221
Beta-myrcene, polymerization of, to rubber, 242
Beta-rubber, transformation of, 182, 183
Bilateral extension of rubber, 399, 402
Bile acids, for polymerization of butadiene, 268
Biscuits, 119
Blanc fixe, as filler for rubber, 497, 498, 503
Blanket crepe rubber, 119
Bleekrodia tonkinensis, 39
Block rubber, 119
Blood albumen, for polymerization of isoprene,

267
Blooming, study of, under microscope, 642
“Blow-out'’ test of rubber, 593-94
Boron trifluoride, as catalyst for polymerization

of ethylene, 246
Botanical source of rubber, determination of, 357
Botany, see Hevea brasiliensis, Manihot and other

species.
Brazilian rubber, occurrence of insoluble “modi-

fication” of rubber in, 164
Breuil-Cillard dynamometer, 548-50
Bromine,

decomposition of rubber ozonide with, 215
reaction of, on hydrorubber, 227
reaction of, on polychloroprene, 248
reaction of, on rubber, 169, 195, 196

Bromoprene,
preparation of synthetic rubber from, 248
polymer, x-ray diagram of, 458

Brownian movement,
in latex, 60, 86, 90, 96-97
in rubber solutions, 164

Bulk modulus, 398
Bureau of Standards,

apparatus for adhesion testing, 621
machines for determining elasticity, 562, 563,

564
tensile testing machine, 544-46, 547

Bursting tests on balloon fabrics, 622-23
Butadiene, addition of, to unsaturated cyclic hy-

drocarbons, 247
Butadiene rubber, preparation of, 260
Butadiene-terpene, formation of, during poly-

merization of butadiene, 259
Butadienes, polymerization of, 246, 249, 259, 266,

267, 268
Butadienes, preparation of, 247, 249, 250
Butane, dehydrogenation of, 247
Butane-a, jS, y, 8 tetracarboxylic acid, determina-

tion of structure of chloroprene by conver-
sion to, 248

Cadmium sulfide, as filler for rubber, 498
Calcium, presence of, in latex, 163
Calcium in rubber, determination of, 389
Calender effect, 399, 424, 425, 459, 508, 533, 534,

539
Calendering, definition of, 10

Calorimeter,
differential, 436, ^37
ice, 444
vacuum, 441

Calorimetric data, 461
Camphor, molecular weight of rubber in

233, 234, 240
Caoutchene, as distillation product of rubber
Caoutchone, derivatives of, 205 ’

Carbon black, see also Gas black, LaraubkcV
Thermax. ’

determination of, in vulcanized rubber 383-84
effect of, on swelling of rubber, 505

’ ' ^

effect of, on synthetic rubber, 246
as filler for rubber, 497
heat of wetting of, 507
oxygen absorption on, 505
particle size of, 504
solubility of rubber-carbon black mixtures 510
surface energy of, 507

’

surface tension of, 509
stiffening effect of, on rubber, 497
volatile matter in, 505

Carbon dioxide,
for polymerization of isoprene, 243, 258
permeability of rubber to, 513
as product of decomposition of rubber ozonide

215, 218
solubility of, in rubber, 513

Carbon monoxide,
hydrogenation of, 247
preparation of butadiene from, 250
as product of decomposition of rubber ozonide

214, 218
Carbonic acid, determination of, 380
Carbosulfhydryl-polysulfide accelerators, 322
Carnauba wax, effect of, on vulcanization, 314
Carnot cycle, 413
Carotin, iodine number of, 238
Carotin di-iodide, composition of. 239
Carotinoids,
hydrogenation of, 228
iodine number of, 238
relation of, to terpenes, 223

Carpodinus species, 34, 35, 37
Casein,

detection of, in rubber, 381
effect of, on vulcanization, 305

Castilla, see Castilloa.

Castilloa elastica,
acidity of latex from, 162
botany of, 30
discovery of, 1

molecular weight of latex from, 159

Castilloa species, 25, 26, 30,
laticiferous elements in, 48
on plantations, 45-46
tapping of, 71, 73

Castilloa Uleij, 26
Catalysts,

for the hydrogenation of rubber, 226, 227,

228, 229
for the polymerization of,

acetylene and ethylene, 266
butadiene, 263, 264
dimethylbutadiene, 245
ethylene, 246
isoprene, 241, 242, 258
polychloroprene, 248

Catalytic hydrogenation of rubber, 226
Caucho bianco, 28
Caucho rubber,^ 26
Cauprene bromide, composition of, 246

Cauprene bromide, hydrogenation of, 247

Ceara rubber, 27, 350
Cell system of laticiferous elements, 48

Cellular structure, breakdown of, 457
Cellulose,

, . , _ ,,,
determination of, in vulcanized rubber, 3o4,

381-83
x-ray pattern of,^ 453, 454, 458

Cements, see Solutions, rubber.
Centrifuging,

concentration of latex by, 87
production of rubber by, 126, 133
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Ceylon crepe, effect of resins in, on vulcanization

of, 305
. ^ .

Ceylon crepe, resin-free, vulcanization of, 305

Chalk, see Whitingf.

Chalk, microscopic detection of, 656, 666
Chemical analysis of crude rubber,
acetone-soluble constituents, 349-51

loss on washing, 348
mineral constituents, 349
moisture, 349
proteins, 351

rubber content, 352-54

Chemical analysis of vulcanized rubber com-
pounds,

accelerators, 368-72
acetone-soluble constituents, 359-72
carbon black, 383-84
cellulose, 381-83
chloroform-soluble constituents, 372-73
factice, 373-74
inorganic constituents, 384-89
moisture, 358
paraffin hydrocarbons;. 365, 367
pigments, total, 374-76

resins, 372
rubber content, 389-92
saponifiable constituents, 366
sulfur, 361-63, 376-79
unsaponifiable constituents, 364-65
water-soluble substances, 359

Chemical configuration, influence of, on elasticity,

455
Chicle, 31

China clay, as filler for rubber, 505
Chlorinated rubber, see Chlorine, reaction of, on

rubber.

Chlorine, determination of, 380
Chlorine, reaction of, on rubber, 195
? r’‘k~”rrn<-h*'nnu’r'ore. determination of struc-

(> chh'.r-'prTMi' by conversion to, 248
I": • .3. preparation of, 248
(' ("n'rll.yl-.'h -butadiene-1,3, rate of poly-

merization of, 249
Chloro-2-methyl-3-butadiene-l,3, rate of polymer-

ization of, 249
Ch]oro-2-tetramethylene-3,4-butadiene-l,3, rate of

prlyr'erVa^inn of, 249
Constituents, determination of,

372-73
Chloroo’-enc.

artificial latex from, 248
emulsification of, 248
horaologs of, 249
polymerization of, 248, 249
preparation and properties of, 248, 249

^

Chloroprene polymers, index of refraction of,

465
Chromic acid, reaction of, on rubber, 209
Chromium oxide, as filler for rubber, 498
Chromium in rubber, determination of, 388
Cliromyl^ chloride,
oxidation of rubber with, 208
reaction of, on rubber, 199

Citral, .terminal group in molecule of, 237
Clay, microscopic detection of, 656, 659, 665
Clays, as fillers for rubber, 497, 503
Cleavage of rubber molecule by acids, 234
Climate favorable for rubber production, 24, 40,

44
CUtandra species, 34
Coagulating agents for latex, see also Coagulation

of latex.
comparison of, 121
requirements of, 121
substances used as, 109, 121-25

Coagulation of artificial latex, prevention of, 248
Coagulation of latex,
with acetic acid, 109-11, 113, 116, 117, 129,

131, 132
Castilloa, 132-34
cream formation in, 95-96
electrolytes, effect of, on, 104-5
Euphorbia, 138
Ficus, 131-32
floe formation in, 95, 96
with formic acid, 109, 121-22, 129, 131

Coagulation of Latex (continued),
Hancornia, 136 ^

Hevea, 108-25
Kickxia, 134-36
Manihot, 128-31
Mascarenhasia, 136
mechanism of, 95-97, 99
proteins, influence of, on, 98, 102
quantity of acid required for, 110-11
resins, role of, in, 100
spontaneous, 84, 102-04, 125, 131
with various coagulants, 122-25, 12S-38
from vines, 136-37

Coagulum, effect of method of preparation of, on
vulcanization, 306, 307

Coal, hydrogenation of, to prepare butadiene, 250
Coalatex, 129
Cobalt, catalyst for hydrogenation of rubber,

226, 229
Coefficient of elasticity, 394
Coefficient of thermal expansion, 416
Coefficient of transverse contraction, 396
Coefficient of vulcanization, 272, 291

calculation of, 392
effect of, on aging of rubber, 604, 605, 607
significance of, 392

Coefficient of volume increase, 396
Cold vulcanization, 481, 486,
discovery of, S

definition of, 270
final product of, 303
mechanism of, 270-71, 278-82, 295, 299, 302-C53

Colloid chemistry of rubber, 230, 233, 639
Colombia virgen, 28
Colophene, as product of polymerizatiuii of iso-

prene, 240
Colophony, see also Eesin acids.

effect of, on vulcanization, 304, 305
Coloring matter of latex, 163
Compo, 120
Compound rubber. 120
Compounding ingredients, sec Pigment^; Filler-
Compressetometer, 588
Compressibility of rubber, 400, 402, 469
Compression set machine, 588
Compression strains. 400, 401, 402
Compression stress-strain relationship, 402
Compression tests,

conditions necessary for, 555
effect of dimensions of sample on, S54
equations for, 400-02
on hard rubber, 630
hollow sphere, 560
for measuring elasticity, 564
by penetration method, 556-60
results of, 401-02
on rubber-covered wire, 628
of Stevart, 553-56
theory of, 400-02
true, 553-56

Concentrating of latex, 86-89
Condensers for microscope, 640, 664, 670
Conductivity, thermal, see Heat conductivity,

Constituiion of rubber, 226, 230, 231, 235, 236,

237, 239, 241, 242, 243, 246
Consumption of rubber, statistics on, 11, 14, 15

Containers for transporting rubber, 111-13

Contraction curve, see Retraction curve.
Contraction temperature, 429, 430
Cooling on retraction, 415
Copper,

as catalyst for tl'O hydrogerf.-it'.-**. of rubber, 229
effect of, on endo ruliber. 86. 154
effect of, on v.sl-.'.'inizod -ubb-.r. 613, 614

Crepe rubber,
anti-coagulant used in making, 118
coagulation process used for, 116, 117
drying of, 117-18
ether extraction of, 178, 180
milling of, 116, 117
molecular weight of, 234
resin content of, 350
sodium bisulfite, use of, in making, 116

special grades of, 119
washing of, 117

,

Cresol, preparation of isoprene from, 250
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Critical temperature for vulcanization reaction,
283-84

r<*n«bincf number, 591
(’r-i'ir.'-r lest of rubber, 589-93
C r : ''I '}.-(•"?

:

species, 34, 47
Crystal structure, dependence of, on elonjialion,

445, 446, 449
Crystalline micelles, 452
Crystalline rubber, preparation of, 168-70, 227
Crystallites of rubber, 169, 233, 4 53, 4 57
Crystallization,

into discontinuous phase, 4 67
forced, 456
progressive, 468
spheroidal, 460
voluntary, 460

Crystallized phase in rubber, 4 56
Cup film rubber, 120

• Cuprous chloride, as catalyst in the i>reparalion

of chlorobutadiene, 248
Cycle of extension and retraclicn, 411
Cyclization,

with hydrochloric acid and zinc dust, 100
during hydrogenation, 227. 228, 229, 234
of polymyrcene nitrosite C, 241
of rubber, by electric discharge, 253
of rubber, by heating, 189, 200, 218
during rcnct*''-r with iodine, 238

''''I'nir ' rubber, 265
by tin chloride, 165

1,5-Cyclo-octadiene, decomposition of ozonide of,

216
Cyclo-octadlene formula for rubber, 217
Cyclo-rubber,
hydrogenation of, 191
molecular weight of, 228, 232, 234, 240
oxidation of, 191
preparation of, 164, 189-90, 200

Cyclogeraniol, formation of. 191
Cyclopentadiene, polymerization of, 24 6

T)

Darkening of crude rubber, 145, 146
Darkening of latex, 101
Dark field microscopy,

applications of, 670-75
condensers for, 664, 670
inhomogeneity of rubber in, 669-71

“Dead Borneo,” see Jelutong.
“Dead milled” rubber, 226, 424, 458
“Dead” temperature, 420
Debye-Scherrer x-ray diagram of rubber, 170, 447
Decmrpn«ip>r of rubber by heat, 233

I of rubber oxozonide, 214
Dcci.-ii i- 'i;: I of rubber ozonide, 212-216

apparatus for, 215
products of, 212, 223, 237
rates of, 214-16

Deformation,
by bending, 400
by compression, 400, 401, 402, 403
partially reversible, 402
reversible, 394
by torsion, 400
velocity;, 432, 440

Deformation set of rubber, 561, 563-64
Degradation of alpha-isorubber by ozone, 217
Degradation of artificial rubber by ozone, 252
Degradation of proteins in latex, 171
Degradation of rubber, see also Ozone degradation,

193, 194, 198, 200, 209, 242
by nitrogen dioxide, 241
during hydrogenation, 228, 234

Density, change of,

on elongation, 397, 398, 415, 431, 432, 435, 439,
440, 457, 459

with temperature, 443
Density of frozen rubber, 416
Density increase in calendered slabs, 425
Density ofjubber-sulfur system, 470
Depolymerization of rubber,
during hot vulcanization, 292, 294, 298, 209, 301
by permanganate, 207
by sulfuric acid, 164

Desoxycholic acid, for polymerization of buta-
diene, 268

Desulfurization of rubber, 342
Deterioration of vulcanized rubber, see \rnnrr t

vulcanized rubber, 604
Determin|tion^ of^rubber, as the telrabromide.

Diacetylpropane, formation of, 218, 2^2
Diacetylpropane, identification of, 219^
Diacetylpropane, properties of, 219
Diaphragm, iris, 640, 673
Dibromide of sodium-butadiene rubber, 263
Dibromide of sodium-dimethylbutadiene'^ rubber

266 '

Dibromide of spdium-isoprene rubber 265
Dibromolevtilinic acid, formation of, 215
Dichopsis species, 39
Dichroism in calendered slabs, 425
Dielectric constant of rubber, 418, 419 io:

468, 469, 470
’ ''

Dielectric hysteresis, 470
Dielectric loss, 470
Dielectric strength of rubber, 466
Dielectrics, viscous, 470

1.4-

Dienes, polymerization of, 266
Diethylcarbinol, jjreparation of piperylene from.

Diffusion law of Pick, 402
Diffusion rubber, definition of, 175
Diffusivity of rubber, 464
Dimethylbutadiene,
preparat’OM of, 2^*. 251
•a:o <»!' polyncri/a ; ioii of, 240
synthetic rubber from, 17, 236, 242, 243 244-46

260, 266, 267

1.5-

Dimethylcyclo-octadiene formula for rubber
165, 215, 221, 223

Dimethyl-inositol, as constituent of latex, 160

2.6-

Dimethyl-2,6-octadiene, preparation of, from
isoprene, 264

2.7-

Dimethyl-2,6-octadiene, preparation of, from
i.soprene, 264

3,6-Dimethyl-2,6-octadiene, preparation of, from
isoprene, 264

Dimyrcene,
nitrosite of, 241, 253
properties of, 241

Dinitrobenzene,
effect of, on viscosity of rubber solutions, 336

heat of vulcanization with, 462
Dipentene,

in distillation ])rodiicts of rubber, 185-87, 188.

190
by heating isoprene, 241, 257

“Diphase” rubber, 50.5

Dipbenylthiourea,
disulfide theory of accelerator action of, 326.

328
early use of, as accelerator, 316
polysulfide theory of accelerator action of, 324

Direct method of obtaining rubber, 64-67

Disaggregation of rubber, 165, 424, 429
Discoloration of crude rubber, 145-46
Dispersing medium, rubber as a, 638
Dispersion of pigments in rubber, 497, 504

colloid chemistry of, 639
dark field study of, 671
effect of milling on, 638, 647
estimation of degree of, 646
transmitted colors characteristic of, 660-64

Displacement elasticity, definition of, 194

Dissociation constant of accelerator.s, relation of,

to activity, 317, 328
Dissociation of rubber. 188, 200, 228, 234

Distillation of hydrorubber, 227, 228
Distillation of rubber, 184, 185, 186, 187, 188,

240, 250
with aluminum chloride, 188
with metals, 188
in vacuo, 186

. nr-

Disulfide theory of accelerator action, 325, 3-6,

327
. . . . r

Diterpene, absence of, in distillation product oi

rubber in vacuo, 187



SUBJECT INDEX 7S7

rs Ho rpfi-action in calendered slabs, 425

Sle refraction in stretched rubber, 416, 418,

419, 420, 466

effect of aging on, 466

1^27
.

a '.n- of, 524-28
for, 529

Jes^s with, 524, 526, 528

America 523, 529

Danlop abrasion macbme 600

gSp;SnS"o'f!’ to oils, aciils, alkalies.

Durometer.-P B.,” 559-60

Dynamometer. Schoiiper, 404, 428, 43S

215

427,

Earth rubber, 120

Ebonite, sea Hard_Rubf>cr.

Eedysanthera svficics, 3 J

EiEht-membered ring formula for rubbei,

221, 222, 237, 268

ilStfc^ after-effect, 304, 404, 407, 410, 419,

Elastk behavior of rubber fsoft), 561-64, 564-76

Elastic behavior of a solid, 396

Elastic colloids, 454

Elastic component of rubber, 417

Elastic deformation, 399 c-n 57077
Elastic efficiency of rubber, 564-66, 5/0, 57^-77

Elastic hysteresis, 403, 404, 407, 409, 421

Elastic limit, 394, 395, 400, 402, 406
^

Elastic properties of rubber, 394, 395, 4I«-6n

Elakic rebound, 410
“Elastic" temperature, 420

Elasticity of artihcial rubber, 241, 243

Elasticity of rubber,

coefficient of, 394
determination of, by measurement of deloima-

tion set, 561-64
,

,

determination of, by measurement of work ot

dcfr‘'r"'ation. .‘'64-77

3 1. 395

source of, 455 • 1 t i .. oh
Elasticity of vulcamzate of artihcial rubbei, -41,

Elasticity of vulcanizate of methyl rubber, 245

Elastometer P. B., 410, 568-69

Elberfelder process,

for preparation of butadiene, 251)

for preparation of isoprene, -.">0

Electric cable construction, 470 ^

Electrical conductivity of rubber, 468-/

U

Electrical properties of latex, 493

Electrical properties of rubber, 460, 461, 468-/-

Electrical properties of i^uWoer solutions 493-94

Electrical resistance, Electrical c^ndurtivity.

Electrical response of rubber molecule, 469

Electrical tests on hard rubber, 634-36

Electrodeposition of rubber, 93, 127, 493

Electrophoretic process for making rubber, see

Electrodeposition of rubber.

Electrostriction of rubber, 471

Elongation curve, see Extension curve.

^
effect^ o”i on density, 397, 398, 415, 431, 432,

435, 439, 440, 457,. 459
effect of, on dielectric constant, 418, 419

effect of rate of, on stress-strain curve, 410-11,

520
Elongation set of ’rubber, 561, 563, 578

Elongation temperature, 429
Emery, use of, in abrasion tests, 596-99

Emka process, 127
Energy of extension, 500
Energy, potential, see Potential energy.

Enzymes, effect of,
,,

on coagulation of latex, 101, 102, 1U3

on rubber, 155
Enzymes, occurrence of, in latex, 100

Eraser, use of rubber as, 3, 270

Krythrene, preparation of, 250
Erythrite, preparation of 2,3-dimethyibutadiene

from, 250
Estate rubber, see Plantation rubber.

Ether, effect of, on molecular weight of rubber,

233
Ether extraction of rubber, 177
Either, solubility of, in rubber, 511

Ethyl formate, for preparation of piperylene, 251

Ethyl ortho-nitrosobenzoate, addition product ni

rubber, 205
Ethylene, polymerization of, 246, 266
Ethylene, preparation of butadiene from, 250

Eucolloid, definition of, 230, 234
Eucolloid, rubber as a, 453, 488, 489, 491

Euphorbia species, 31, 34, 37

Export trade in rubber goods, development of

German, 6-8

Exports of latex, 83
Extension curve, 404, 405, 406, 408
Extensometer, use of, in testing, 628^
Extinction coefficient of isoprene, 237

Extraction apparatus, continuous, for rubber, i > /

Extraction of rubber, use of mixed solvents in,

166 _
Extrusion plastometers, 5/S-/Q

F nc

determination of, in rubber goods, 381-83

elastic, early processes for manufacture of, -r

gummed, early processes for manufacture 01 ,
3

Factice,
. ^

determination of, 373-/4

as filler for rubber, 498 __
microscopy of, 647, 654-53

. .

retarding effect of, on vulcanization, 7 h.

softening action of, 498

Factories, establishment of first rubber good", > .

4 6
Falling ball test for elasticity. 410, 566,

Faradayin, product of distillation uf i ubber, 1<

Fatigue tests, Protracted tests.

Fatty acids, as fillers for rubber, 496

Felled trees, obtaining latex from, 6/ -68

Ferric chloride,

action of, on rubber, 192
^

as catalyst for vulcanization of chlorppreiie, -

Ferric oxide, as accelerator of vulcanization, 3U
Fibre structure of elongated rubber, 419,

444, 455, 456, 491

Ficus elastica,

acidity of latex from, 162

discovery of, 2 .

laticiferous elements m, 48

molecular weight of latex from, ov
on plantations, 45

tapping of, 72, 75

in the wild sme, 38 , .

Ficus magnolii Borci, molecular weight ot Utex

from, .159
Ficus species, 34, 38, 39

.
_

Filler action, thermodynamic theory ot, 363

Fillers, Ji:/? also Pigments

active (reinforcing^ 493^, 49/, .-0., .-09

adhesion of, to rubber, 3U4

analysis of, 374-89, 3O 3 .

anisotropic, effect of. on rubber mixes, rh.

blending of, 497
covering power of, 498

...

determination of total, 4/^6
dispersion of, in rubber, 49/

S?c\"o?l||fome/ado“o„ wetting of. 506

effect of concentration on reinforcing power

of, 500, 509 . . vKo,- eng
effect of, on elasticity of rubber 508

effect of, on swelling of rubber, 508

interfacial relations of, 500

&V498.f5M 504. 505. 657

refractive indexes of, 498

sedimentation of, 510
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Fillers (continued),
similarity of effect of, to vulcanization, SOS
surface areas of, 503
surface energy of, 505
surface tension of, 509
wetting of, 500, 506

Fillers, glass, for ultra-violet light, 641, 669, 670
Firestone flexometer, 594, 595
Fixation of elongation of raw rubber, 432
Fixation of elongation of vulcanized rubber, 427
Fixation of fiber structure, 455
Fixation of racked rubber by cold, 420, 421, 426,

427
Flexing machines, 584-86, 593-94, 595
Flexing tests on rubber, 584-86, 593-94, 619
Flexometers, 593-94, 595
Flow phenomenon during elongat'on. 441, 446, 447
Fluorescence of pigments, 642--’ 3, 658, 660
Fluorescence of rubber, 643-44, 668, 669
Force of retraction, 420, 421
Formaldehyde,

as anti-coagulant, 82
as preservative for latex, 85-86
as product of degradation of rubber, 222, 223

Formation of rubber in the tree, 61
Formic acid,

coagulation of latex with, 109, 121-22, 129, 131
from decomposition of rubber ozonides, 215
from decomno^ition of alpha-isorubber ozonide,

219, 220, 222
from decomposition of sodiuni-isoprene rubber

ozonide, 265
Formula for rubber, eight-membered ring, 215,

221, 222, 237, 268
Fi actional extraction of rubber, 177
Fractional precipitation of rubber, 166ff, 226, 227
Fractional solution of rubber, 174
Fractionation of rubber, 239
Freezing-point lowering, use of, in study ol

vulcanization, 274-75, 281
Frozen rubber, 416, 422, 426, 441, 442, 443, 444

fractional solution of, 168
properties of, 170, 240

Fructose, presence of, in latex, 160
Function, A A, definition of, 501, 502
Fundamental unit of rubber, 215, 231, 232, 239,

240
Fungi, effect of, on rubber, 146, 147
Funtiimia elastica, see Kickxia elastica.

Galactose, presence of, in latex, 160
Gas black in rubber, microscopy of, 647-48, 649,

652, 658-59, 662, 666, 667
Gases,

absorption coefficient of rubber for, 513
absorption of, by rubber, 512, 513
diffusion of, through rubber, 513

Gastex, 662
Geer oven aging test, 618
Gelatin, detection of, in rubber, 359
Gelatin solutions, micelles in, 231
Gel-rubber, 175, 176, 179, 180, 182, 183, 297

analysis of, 180, 197
effect of acids and bases on solubility of, 177
hydrochloride of, 198
hydrogenation of. 229
iodine number of, 197, 238, 239
molecular weight of, 489
transformation of, 182
x-ray pattern of, 176

Gel-skeleton of rubber, 175, 180
German rubber goods industry, present centers

of, 7
German rubber goods, manufacture of, 6
“Giant molecules” of rubber, 491
Gibbs-Helmholtz equation, 439, 440, 506
Glucose, presence of, in latex, 160
Glue, detection of, in rubber, 359
Glue, determination of, 381
Glycerides, as fillers for rubber, 499
Glycerol, detection of, in rubber, 359
Glyoxal, in decomposition products of sodium-

butadiene rubber ozonide, 264

Golden rod, as source of rubber, 32
Goodrich abrasion machine, 600
Gough-Joule effect, 412-15, 418, 419-c»s ak o-,

430, 432, 435, 438, 440, 444, 446-47
455-56, 460, 466

’ ^

Gough-Joule heat, 445
Grain, calender, see Calender effect.
Grain effect, see Calender effect.

Graphite, determination of, 384
Grasselli abrasion machine, 599
“Greasiness” of rubber, 147-48
Grignard reagent, reaction of, on rubber hvdrr^

chloride, 230
Grinding wheels for microsco])ic section?. 630
Grindstones for abrasion tests, 595-f''6

riir''

Guanidines,
as accelerators of vulcanization, 318, 323
effect of structure of, on accelerator activity,

Guayule plants, 30, 64
Guayule rubber,
economics of, 30
preparation of, 30, 64
production of, on plantations, 47
resin content of, 350
use of, 247

Gutta-percha, 190, 102, 233, 238, 253, 266 267
botanical sources of, 39

’ ’

collection of, 139
heat of combustion of, 461
electrical properties of, 468, 469, 470
index of refraction of, 465
molecular structure of, 165, 194, 239
molecular weight of, 193, 232, 235, 239
preparation of, 139
production of, r.r ph''r.t':tVr.«. *7

rate of dcr^ mp' -;/.. i ( ; oz '’( of, 216, 256
structure of, 239
x-ray diagram of, 424, 458
vulcanization of, 286

IT
IT-rubber,

^

preparation of, 245
properties of, 18, 245
use of, in Germany, 18

Halogen acid addition products of rubber, 197
Halogens, reaction of, on rubber, 194, 195, 196,

197
T-Iancornia speciosa, 28
Hard rubber,

dielectric constant of, 467, 469
discovery of, 5
distillation of, 188
properties of, 9, 10
synthetic substitute for, 18
uses of, 9, 10, 245

Hard rubber, testing of,

adhesion, 631
bending, 628-29
enmpress:on, 6.’0

o!ec«:-;eri lea'xa^ie. 634-36
ticrnicnl 634
hardness, 630-31
impact, 630
needle penetration, 632
resistance to fire, 633-34
resistance to heat, 631-32
tension, 396, 628
torsion, 630

Hardening of microscopic sections, 650-51, 652

Hardness, effect of temperature on, 443, 469
Heat,

action of, on raw rubber, 189, 226
action of, on rubber during^ milling, 209
action of, during vulcanization, 299, 300, 301

effect of, on rubber solutions, 192, 235

Heat of adhesion of rubber and filler, 506, 507

Heat of aggregation, 463
Heat of combustion of hydrogenated rubber, 461

Heat of combustion of rubber, 461, 462

Heat conductivity,
of compounded rubber, 463, 464
by cylinder method, 463-64
by flat plate method, 464
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ffrat conductivity (continued),

“of pigments, 310, 463, 464

of raw rubber, 463, 464

by slab method, 464

by sphere method, 464

of stretched rubber, 465

of vulcanized compounds, 463, 464

Heat of crystallization of rubber, 444, 467

Heat of dilution of rubber solutions, 479
Heat of elongation of rubber, 401, 412, 413, 414,

415, 423, 435, 436, 437, 438, 441, 444, 445,

456, 45 7, 466

Heat engine, rubber, 413, 414, 426

Heat of fusion of rubber, 170, 442, 444, 456, 461

Heat of production of anisotropic state, 436, 438,

440, 444, 446, 447, 456

Heat of relaxation,

of racked rubber, 436, 446
of stretched rubber, 456

Heat of solution of rubber, 476, 477, 478, 481
Heat of swelling of rubber, 235, 436, 463, 478,

479. SOS, 506, 507, 508

Heat of vulcanization of rubber, 461-62
Heat of wetting of rubber, 462, 506, 507, 508
Hemicolloidal rubber, formation of, 229
Hemicolloids, definition of, 234, 235
Hemicyclo-rubber, definition of, 190
Hemoglobin, molecular weight of, 230, 231, 239
Henry’s law applied to vulcanization, 291
Herb rubber, 35, 65-66
Hess’ law, 506
Hcvea Benthamiana, 25
Hevea hrasiliensis

,

beginning of cultivation of, 12
botanical characteristics of, 23
climate suitable for, 40
cost of rubber from, 44
cover crops for, 43
fertilizers, eflfect of, on, 43
latex of, 53-57
laticiferous elements in, 48-51
plantations, 40-44
planting of, 42, 43
propagation of, 41, 42
improvement in strains of, 247
soil suitable for, 41, 42, 43
in South American forests, 25
tapping of, 71, 73, 75-83
yield-capacity of, variability in, 41

Hevea, Ceylon, effect of storage on solubility
of, 183

Hevea guyanciisis, 2, 25
Hevea latex, coagulum from, effect of, on vulcan-

ization, 307
Hevea species, 23, 24, 25
Heveene, product of distillation of rubber, 185
Hexahvdrophenol, preparation of butadiene from,

250
Hexamethylenetetramine, theory of accelerator

action of, 322
Highland sheet rubber, effect of resins on vul-

canization of, 304
History of crude rubber, 1

Hock’s elasticity tester, 569-71
Hollow sphere test, 560
Hooke’s Law, 394, 395, 403
Hose, testing of, 627-28
Hull substance of rubber, nature of, 175, 176, 194

Hydriodic acid,
reaction of, on rubber, 199
hydrogenation of rubber with, 229 ,

Hydrobromic acid, reaction of, on rubber, 199
Hydrobromide of normal isoprene rubber, 255
Hydrobromide of sodium rubber, 265
Hydrocarbon, rubber, determination of, 352-54,

389-92
Hydrocarbons,
aromatic, solubility of rubber in, 510
effect of, on molecular weight of rubber, 233
polymerization of, 267, 268

Hydrochelidonic acid, as product of decomposi-
tion of ozonide of alpha-isorubber, 219, 220,
222

Hydrochloric acid,
action of, on isoprene, 240, 241
addition of, to vinylacetylene, 247
reaction of, on rubber, 198

Hydrochloride of normal isoprene rubber, 255,
256

Hydrochloride of sodium rubber, 265
Hydrocyclo-rubber,
molecular weight of, 228, 240
properties of, 229, 234

Hydrogen,
absorption of, by rubber, 514
detection of, in decomposition products of rub-

ber ozonide, 214
diffusion of, th-r:—h rubber, 512

Hydrogen ;jr(.,:i;.(!i.'. r Tlydrolri'omio acid.
Hydrogen chloride, see acid.
Hydrogen iodide, see
Hydrogen peroxide,
oxidation of rubber with, 208, 209
as product of decomposition of ozonide of

alpha-isorubber, 212
as product of decomposition of ozonide of

natural rubber, 218
Hydrogen sulfide-polysulfide theory of accelerator

action, 322
Hydrogenated rubber, heat of combustion of, 461
Hydrogenation of cyclorubber, 191
Hydrogenation of rubber, 190, 191, 224-29
Hydrogenation of rubber, abnormal, 229
Hydrohalide derivatives of dimethylbutadiene

rubber, 260
Hydt-ciedide of normal isoprene rubber, 255
I

> .r. = of sodium rubber, 265
Hydrolysis of rubber iodide, 238
Hyd-ryo’vcycl •ub’'-'*-. formula of. 191
1 :> dr Icr. .V-.’i' i. ’’c il> J.rnyjOi'.i'.e-; ruliber; Hy-

drogenation of rubber,
homologs of, 229
molecular weight of, 228, 229, 232, 234
preparation of, 224, 226
properties of, 225, 227, 228

Hydroxides of alkali and alkaline earth metals as
polymerization catalysts, 266

TTygroscopiciiy di crude rubber, 156
Hysteresis,

curves, 564
equation for, 564
factors governing size of, 565
impact tests for measuring, 566, 568*77
repeated, 565-66, 567
tension tests for measuring, 564-66

Hysteresis cycle, 404, 405, 406
Hysteresis loop, 405, 406, 407, 40S
Hysteresis losses, 404, 406, 407, 408, 410, 411
Hysteresis in rubber, 402, 404, 405, 406, 407,

408, 409, 410, 561, 564, 565, 578

Ichnocarpiis Xanthogalax, 39
Identity period, 444, 452
Illumination of microscopic sections, 640, 641,

642, 646, 664
Illuminator, vertical, 640, 641, 646
Impact tests for elasticity, 566, 568-77

Imports of rubber goods, growth of German, 7, S

Impurity of rubber samples, 393, 453, 460
Indene, polymerization of, 246
Index of refraction of rubber, 416, 461, 465, 466,

467, 469
Inductance, alternating current, 470
Infusorial earth, as filler for rubber, 497
Tnhomogeneities. structural, in rubber, 638
Inner friction of rubber, 410, 412, 423, 427, 430,

435, 436, 438, 439, 440
Inner tubes, microscopy of, 647, 664, 668, 673
Inorganic compounds, solubility of, in rubber,

510
Inorganic constituents in rubber products, see also

Fillers; Pigments; Mineral Constituents,

determination of, 384-89
Insulated wire, testing rubber covering of, 550
Insulating tape, testing of, 622
Insulators, rubber, factors affecting, 470
Interferometer for measuring permeability, 627
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Intermolecular forces, 421, -190

Internal slippage, 460
Iodine, reaction of, on rubber, 196
Iodine chloride method for deterniiiiHlion of

rubber, 197
Iodine chloride, reaction of, on rubber, 193, 238,

239
Iodine number of isoprene rubber, 253
Iodine number of rubber, 237, 238, 239, 253
Iron, as catalyst for hydrogenation of rubber, 229
Iron, as stoichiometrical equivalent of hemo-

globin, 230, 231, 239
Iron oxide, as filler for rubber, 498
Iron in rubber, determination of, 388
Iron salts, effect of, on rubber, 154, 614
Islands soft cure rubber, 109
Isobutylnaphthalene sulfonic acid, for the poly-

merization of isoprene, 267
Isocolloids, Ostwald’s theory of, 417, 418
Isonandra species, 39
IsO'Ozonide of rubber, 211
Isopentene dihalides, preparation of isoprene

from, 251
Isopentene group, relation of, to rubber mole-

cule, 216, 236, 237, 238, 239, 240
Isoprene,

action of light on, 241
as distillation product of rubber, 185, 186, 187,

188, 189
effect of, on molecular weight of rubber, 233
extinction coefficient of, 237
formation of, in plants, 160, 162
preparation of, 247, 250, 251, 264
properties of, 251
rate of polymerization of, 249
synthetic rubber from, 240, 241, 242, 243, 254-

SS, 257, 258, 264, 266, 267, 268
Isoprene group, as structural unit of rubber, 232,

233, 235, 237, 238, 239
Isoprene lamp, 189, 250
Isoprene molecule, relation of, to rubber mole-

cule, 222, 223, 232, 236, 237, 298, 303
Isoprene rubber, synthetic,

iodine number of, 253
optical properties of, 164, 252
ozone degradation of, 256, 265
preparation and properties of, 240-43, 254-55,

257, 258, 264
properties of vulcanizates of, 243
rate of decomposition of ozonide of, 216

Isorubber, preparation of, 217, 230, 256
Isothermal elongation, 433, 434
Isotropic arrangement of molecules, 419, 420
Isotropic pigments, 399

Japan wax, effect of, on vulcanization, 314
Jelutong, 39, 138-39, 350

resin content of, 162
resin, effect of, on vulcanization, 304, 305

Jequie rubber, 27
Joule effect in rubber, see Gough-Joule effect.

Joule heat of elongation, 401, 423, 433, 436, 438, 440
Joule’s experiment, 412, 413
Joule’s measurements, 414
Joule-Thomson effect, 413, 420, 444, 467

Kadox, 661
Kaolin, see Clay.
Kerbosch process, 125-26
Ketone of rubber, 205
Ketone-acids as degradation products of sodium-

isoprene rubber with ozone, 265
Ketones from alpha-isorubber ozonide, 218, 219
Kickxia elastica,

acidity of latex from, 162
on plantations, 46
tapping of, 73
in wild state, 34

Knife for microscopic work, 639, 651-52
*'Kuoxam,” as reagent in chemical analysis, 364,

382-83

anisotropic

Latex par-

96-97

171

Laticiferou

pblacks in rubber, microscoov of 64 S

652, 661-63, 665, 666, 667, 668, 673-75
Landolphia species, 34, 35, 36, 46
I.atent heat of transformation into

state, 420, 421, 422, 426
Latex, see, also Coagulation of latex-

tides,
’

accelerators in, 307
acid-stabilized, 104
acidity of, 162
acids in, 1 62
artificial, 268
botanical characteristics of, 51-52
Brownian movement in, 60, <S6, 90,
centrifuging of, 87
coagulation of, 95-138, 163
colloidal character of, 59
compounding of, 91-92
concentration of, 86-89
creaming of, 84, 86-87, 95-96, 97-98
darkening of, 101
decomposition phenomena in, 85, 102
deposition from aggregated, 93
dipping, as melliod of iiiamifacture from 8U

92-93
’

direction of flow of, in trees, 50
effect of dilution of, on vulcanization, 307
effect of method of Cf)agulatioii of, on vulcan

ization, 307
electrodeposition of, 93, 493
electrolytes, effect of, on, 104-05
enzymes in, 101, 102, 10.3, 163
ether extraction of, 178-79
evaporation of, 87-89
exports of, 83
extruding of, 93
factice dispersions with, 498
fillers for, 504
filtration of, 87
function of, in trees, 62-64
gelling of, 93
impregnation of fabric with, 89, 94
incorporation of pigments in, 91-92
inorganic con-ti tiic-ius of, 163
microorganisms in, 101, 102-04
molding of, 9.1

physical nropertie'-’ of, 59-61

] ]'.ysioh»j.'y o:
,

C, i
'!4

preservatives used in, 84-86
protective colloids, use of, :

proteins in, 98-100
resins in, 100
sediment in, 85
slime formation on, 101
specific gravity of, 60, 69-70
spray-dried, milling of, 210
spraying of, 94
surface tension of, 60
tapping, influence of continued, on, 143

utilization of, in manufacture, 92-94
vi.scosity of, 61
vulcanization of, 89-91
yield of, factors influencing, 68-70

Latex particles,
adsorption on, 56, 105
Brownian movement of, 60, 96-97
composition of, 55-56, 57, 58
electrical charge on, 60, 90, 104, 493
in Hevea latex, 53-57
microscopical examination of, 53, 90

number of, per cubic centimeter, 53

shape of, 52-55, 57, 59
size of, S3, 54, 55, 58, 59, 96, 424
from species other than Hevea, 57-59

staining of, S3
structure of, 55-56, 57, 58, 457

Latex-sprayed rubber, see Sprayed rubber.

Laticiferous elements. See also Rings,

anatomy of, 48-51
cell system of, 48
formation of rubber in, 61

functions of, 62-63

87, 88, 91, 92
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Tjticifei'ous elements (continued),

ofHevea hrasiliensis, 48-51

hydrocyanic acid in, 162

iaticiferous duct system of, 48-51

Manihot Gladovii, 48-51

size of, effect of, on yield of latex, 51

tube system of, 48

vessel system of, 48-51

Lattice constant, 444, 446, 449, 452, 453

Lattice elements, rigidity of, 457

Lattice spacing, 444, 446, 449, 452, 456, 457

Le Cbatelier’s Law, 412

Lead carbonate (basic), accelerating action of,

312

Lead oxychloride, accelerating action of, 312

Lead in rubber, determination of, 385

Lead salts, effect of, on vulcanization, 314, 315

Lead soaps, as vulcanization accelerators, 313

Lead sulfate (basic), accelerating action of, 312

Lenses, optical, made from swollen rubber, 467

Levtilinic acid,
^

as dprmnpncitJnn product of isoprene rubber
rzoi.-'de. i?”'. 257, 258

as 'u product of alpha-isorubber
219, 220

as decomposition product of rubber oxozonide,
214

as decomposition product of rubber ozonide,

212. 213
determination of, 214

properties of, 213

relation of, to structure of rubber molecule,

221, 222, 223, 235, 236, 252

Levulinic acid peroxide, as decomposition prod-
uct of alpha-isorubber ozonide, 219

Levulinic aldehyde,

as -isit'Vi” product of isoprene rubber,
2

'3,
2
'2, 257, 258

as decomposition product of alpha-isorubber
ozonide, 218, 219

as decomposition product of rubber oxozonide,
214

as decomposition product of rubber ozonide,

212, 213,^ 214
'r-t.'-"’ir.'itirn of, 214

_

-fill’ll I in the oxidation of vulcanized
rubber, 608

properties of, 213
relation of, to structure of rubber molecule,

221, 222, 223, 235, 236
Levulinic aldehyde peroxide, as decomposition

product of rubber ozonide, 212, 213, 214

Le\va method for Manihot rubber, 71-72, 128-30

Lianas, rubber-producing, 33, 34, 36, 38, 39, 46

Light,

absorption of, 443, 467
nf. nn vulcanized rubber, 618

''i'fg •; li-:'!! of rubber by, 467
i';’;''C"iz:!iin'! of rubber by, 467

ivhy of rubber to, 467
Lime, action of, as accelerator of vulcanization,

309, 310, 312
Linioiiene,

-‘•'(’'’r.iTtinu isoprene from, 250
iir-.duci. of, as catalyst for polymeri-

z-'i’ii'iii of i-oorc:'.c, 258
effect of, on molecular weight of rubber, 233

Lipin from latex, accelerating effect of, 160

Liquid rubber, 164
Litharge,

accelerating action of, 305, 309, 310, 311, 312,
315

as filler for rubber^ 498
microscopic detection of, 655-56, 665

Lithopone, as filler for rubber, 497, 498, 503
Loading and unloading cycles, 404, 407
Loss on washing, determination of, 348
Lubricating oils, preparation of, by polymeriza-

tion of ethylene, 246
Lump rubber, 120
Lycopin, terminal group in molecule of, 237

Macromolecules,
definition of, 165
of rubber, degradation of, 193, 235
of rubber, existence of, 194
source of elasticity in, 455

Lfagnesia,

accelerating action of, 309, 310, 31 1, 312
effect of, on rate of vulcanization of chloro-

prene, 249
as filler for rubber, 498

Magnesium amalgam, for reduction of acetone,
244, 251

Magnesium carbonate,
accelerating action of, 312
basic, as filler for rubber, 497, 498, 503
as filler for rubber, 505
microscopic detection of, 643, 656, 659, 665 df.o

Magnesium, presence of, in latex, 163
Magnesium in rubber, determination of, 38Q
Mai abrasion test, 596-99
“Majunga Noir,” 36
Malonic di-aldehyde, formation of, in the ozone

degradation of rubber, 223
Mangabeira rubber, 28

vulcanization of, 304, 313
Manganese, effect of, on rubber, 155, 613, 614
Manicoba rubber, 27
Manihot Gladovii,

acidity of latex of, 162
botanical characteristics of, 27
climate suitable for, 44
cost of rubber from, 44
in German East Africa, 44
latex of, 57
Iaticiferous elements of, 4S-51
tapping of, 71-72, 73, 75-83
yield capacity of, 45

Manihot species, 26, 27, 28
Manufacture of rubber goods, technique nf, lU
Martens’ apparatus for penetration tests, 556-57
Martens’ crushing tester, 589-90
Martens’ test of hard rubber, 631-32
hfartens-Schopper I^fachine,

for measuring elongation, 562
for protracted te«ts, SS4

Marzelti’' Kxtru-idn Plastometer, 578-79
Mascarenhasia species, 34, 36, 37
Mastication, see Milling.
“Masticator,” Hancock’s, description of, 4
Matali, 65
Maturation, 101, 102, 144

formation of accelerators during, 307
Matured rubber, effect of acidity of, on vulcai:-

ization, 309
Maximum swelling of rubber, 479-81

Melting point of rubber, 168, 170, 176, 184, 421,

422, 444, 467

hfembranes, rubber, use of, in dialysis, 514

Membranes, semi-permeable, for osmotic pres-

sure determinations, 491

Afenadue effect, SOS
Menthol, molecular weight of rubber in, 232
2-MercaptobenzQthiazole, effect of alkyl group'-

in, on activity of, 329

hCercury in rubber, determination of, 3S6
hfercury sulfide, as filler for rubber, 498
Methyl adipic acid, preparation of isoprene from,

250
1-Methyl butadiene rubber, preparation of, 262

hlethyl butadienes,
ozone degradation of, 252
preparation of, 251

Methyl butenol, preparation of isoprene from, 250

Methyl butinol, preparation of isoprene from, 250

Methyl - carboxylic acid - cyclohexenone, as deg-
radation product of alpha-isorubber, 219

Methylcyclohexanol, preparation of isoprene
from, 250

Methylcyclohexenone, as degradation product of

alpha-isorubber, 218

Mcthylglyoxal, as decomposition product of rub-
ber ozonide, 223, 224, 236, 237
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1 - Methyl - 2 - metlianecarboxylic acid-2-cycloliexe-

none, as degradation product of alpha-iso-

rubber, 220

I\Tethylphenyldihydropyridazine, 256

Methylpyrrole, formation of, from levulinic alde-

hyde, 252
Methylpyrrolidine, preparation of butadiene from,

250
l\rethyl rubber,

effect of light on, 245
effect of oxygen on, 245
elastic efficiency of, 577
hydrogenation of, 229
•-
••cprrnt"''':'; r>^. IS. 245, 260

; (.''t.'"'. ;r.i< -I (.. 245
in Woi'd War, 17, 18, 245

x-ray diagrams of, 459
Methyl rubber H, 18, 245
Methyl rubber W, 17, 245
]\rethyl succinic aldehyde as degradation product

of methylbutadiene rubber, 262
2-Methyltetramethyleiie- 1,4-glycol, preparation of

pure isoprene,from, 250
Mgoa rubber, 34
Micelles, colloid chemical, 230, 231, 233, 234, 240
Micellar forces, 433, 458
Micelles in rubber, 405, 455, 485, 489-95
Micrechites species, 39
Micromanipulator, use of, in study of latex, 56
Microorganisms, effect of,

on coagulation of latex, 101, 102-4
on rubber, 146, 148, 152

Microscopic studies of vulcanization process,
289-91, 295, 641, 646

Microscopy, see also Microscopy of rubber com-
pounds,

of antimony sulfides in rubber, 647, 659, 663-64,
665-68, 673, 674-75

of automobile inner tubes, 647, 664, 668, 673
of carbon blacks in rubber, 647-48, 649, 652,

658-59, 666, 667
color reactions in, 653-54

^

comparison preparations in, 654, 657-58, 661,
670-71

of lampblacks in rubber, 648, 649, 652, 661,
663, 665, 666-68, 673, 674, 675

of latex particles, S3, 90
of organic diluents in rubber, 654-55, 666
of powdered minerals in rubber, 647, 655-58
of products made from latex, 647, 653, 665, 670
of rubber-impregnated fabric, 653, 665, 666
of solid tires, 645, 649, 668, 674, 675
of sulfur in rubber, 643, 655, 657, 665
of tire treads, 645, 649, 661-62, 666

, of torn sections, 643, 644
of zinc oxides in rubber, 647, 648, 654, 659,

660-61, 663, 665-68, 672, 674, 675
Microscopy of rubber compounds. See also Dark

field microscopy; Pigments; Reflected light;

Transmitted light,

in dark field, 664, 668-75
history of, 637
optical equipment for, 637
preparative aids for, 639
under ultra-violet light, 641, 643-44, 658, 660,

668, 669
usefulness of, 637, 638
using reflected light, 641-46
using transmitted light, 646-64

klicrotome, preparation of sections with, 650-51
Milled rubber,

action of oxygen on, 209
action of permanganates on, 208
hydrogenation of, 226, 227

Milling,
of crude rubber, 4, 10
effect of, on rubber, 164
effect of, on stress-strain curve, 517
effect of, on vulcanization, 287, 297, 298
of rubber in air, 209
of rubber in nitrogeij, 210
of rubber in oxygen, 209, 210
of sodium-butadiene rubber, 263

Mimusops species, 139

Mineral constituents, determination of
in crude rubber, 349

’

in vulcanized rubber, 374
]\nneral rubber, microscopic detection of
“Mistletoe” rubber, 30

» * • do/

Modifications of rubber, 163, 164, 165 9'\'>

Modulus, bulk, 398
’

Modulus of elasticity, 394, 395, 406
IModulus of rigidity, 398
Moisture content of rubber, see Water content
IMold on rubber,

effect of, on rate 'of vulcanization, 309
formation of, 147
treatment for, 115, 147

IMolecular aggregation, 445, 455, 458, 463 4R0
490, 491, 492

’ '

Afolecular association, 456
AFolecular chains, 421, 445
IMolecular close packing, 445, 446, 447 4';=; 4C7

458, 466
.

’ ’

Molecular orientation, 419, 420. 421 445
455, 458

’ ’

IMolecular refraction, 465
IMolecular size, 424, 454
Molecular structure, swelling theory of, 455
Molecular weight of artificial rubber, 242, 253
Molecular weight of bydrorubber, 227, 228, 229
Alolecular weight of rubber, 159, 230, 232 233

234, 235, 238, 239, 240, 421, 465 489* 49n’
491, 492

’ ’

Molecule, si)iral form of, 454, 455, 456
IMonocyclo-rubber, 190, 191
IMonomethyl-inosilol, presence of, in latex. 160

163
Afounting of microscopic specimens, 645. 646

648, 649-50, 652-53, 654
Alyrcene, as degradation product of isoprene rub-

ber, 257
Alyrcene, polymerization of, 241, 242

N
Naplitbalene, solubility of, in rubber, 510
Natural rubber as accelerator for polymerization

of isoprene, 242
Needles, rre* rn-r/^or., for microscopic work, 639
Negro
Nerve of crude rubber, 107
Nickel, as catalyst for the hydrogenation of rub-

ber, 229
Nickel hydroxide, as catalyst for the hydrogena-

tion of rubber, 226
Nicks in surface, effect of, on tear resistance,

600-01
Nitric acid, reaction of,

on alkyl hydrorubber, 230
on polychloroprene, 248
on rubber, 208

Nitric oxide, reaction of, on rubber, 203
Nitrobenzaldehyde-ortho, as reagent for detection

of acetone, 236
Nitrobenzene, effect of, on viscosity of rubber

solutions, 339
Nitrogen-containing accelex-ators, classification

of, 318
Nitrogen dioxide, reaction of, on rubber, 200.

202, 203
Nitrogen-free accelerators, classification of, 319

Nitrogen oxides, reaction of, on rubber, 200, 201,

202, 203, 204
Nitrogen tetroxide, reaction of, on rubber, 203

Nitrogen trioxide, reaction of, on rubbei', 201,

202, 203
Nitrogenous constituents of rubber, influence of,

on vulcanization, 305, 307, 308
Nitrogenous content,

of acetone extract, 351
of total rubber, 173, 174, 176
of various rubbers, 157, 351

Nitrone of gutta-percha, molecular weight of, 239

Nitrone of rubber,
molecular weight of, 232, 239
preparation of, 204, 205

Nitrosite A of rubber, 201, 232
Nitrosite B of rubber, 202
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vr.vosite of butadiene rubber, 259

Nitrosite C of artificial rubber, 253

ktfosite C of dimyrcene, 241

kitrosite C of polymyrcene, 241

S tfosite C of rubber, 201-03, 241
preparation of, from latex, 159

Nitrosite of dimethylbutadiene rubber, 261
vTftrosite method for determining rubber content,

353-54, 391-92

Xiirosite of sodium-ispprene rubber, 265
kitroso accelerators, identification of, in vulcan-

ized rubber, 371

Nitroso compounds, action of, as accelerators of
vulcanization, 317, 318, 330

\Htroso compounds, reaction of, on rubber, 204
yitrosobenzene, reaction of, on rubber, 204, 205

232, 239
Nitrosophenol, reaction of, on rubber, 205
Nitrosotoluene, reaction of, on rubber, 205
Nitrosyl chloride, reaction of, on rubber, 204
Nitrous acid,

reaction of, on dimyrcene, 241
reaction of, on alpha-isorubber, 217
reaction of, on polymyrcene, 241
reaction of, on rubber, 200

“Noir du Congo,” 34
Non-rubber constituents, nature of, 347
Non-rubber constituents in rubber, 156-58
Normal artificial butadiene rubber, 259
Normal artificial dimethylbutadiene rubber, 260
Normal artificial isoprene rubber, 254
Normal artificial piperylene rubber, 262
Notches in surface, effect of, on tear resistance,

600-01

O

Objectives for microscopic study of rubber, 639,
640

Oil-resistant rubber compounds, 480
Oils, mineral, as fillers for rubber, 499
Oleic acid, effect of, on accelerating action of

•r.'*rira*'ic compounds, 313
'

. ..•‘o 34
Opalescence of rubber, 442
Open chain formula for rubber, 223, 224, 236,

237, 238, 241
Optical activity of acetone extract, 357
Optical properties,
of artificial rubber, 467
of gutta-percha, 465
of rubber, 237, 239, 465
of rubber derivatives, 465-66
of rubber-like substances, 465

Orientation of micelles, 425, 426, 427, 435, 438,

_
445,. 446, 449, 452

Orientation of molecules, anisotropic, 421, 423
Overvulcanization, microscopic evidence of, 644,

669
Oxidation of rubber, 165, 166, 207, 208, 209
Oxidation of rubber, similarity of, to vulcaniza-

.
tion of rubber, 611

Oxidation of vulcanized rubber, see also Aging of

vulcanized rubber,
by air, 292
by light, 612, 613

Oxides of metals as polymerization catalysts, 266
Oxidized oils, determination of, in rubber, 373-74
Oxozone, non-existence of, 210
Oxozonide of alpha-isorubber, 218
Oxozonide of artificial isoprene rubber, 256, 258
Oxozonide of dimethylbutadiene rubber, 261, 262
Oxozonide of methyl rubber, 261, 262
Oxozonide of piperylene rubber, 262
Oxozonide of rubber, 210, 211, 214, 224, 237
Oxozonide of sodium-isoprene rubber, 265
Oxydase, presence of, in latex, 163
Oxygen,
absorption of, by vulcanized rubber, 610, 611
as catalyst for polymerization of isoprene, 241

Oxygen (continued)

,

as decomposition product of alpha-isorubber
ozonide, 218

d^usion of, through rubber, 513
effect of, on rubber d.;-'ing milling, 209
impurities, in rubber. '33, 235
number, of rubbo-, IvT, 238, 239
reaction of, on artificial rubber, 254
reaction of, on hydrorubber, 227
reaction of, on isoprene, 240
reaction of, on rubber, 207, 209

Oxygen bomb aging test, 619
Ozone, reaction of,
on polychloroprene, 248
on rubber, 210, 211, 238, 242
on unsaturated hydrocarbons, 210

Ozone degradation,
of artificial rubber, 241, 245, 252
of alpha-isorubber, 217-21
of beta-isorubber, 221
of natural rubber, 210-17, 235-37, 241
of normal butadiene rubber, 260
of normal dimethylbutadiene rubber, 261
of normal isoprene rubber, 256
of normal piperylene rubber, 262
of sodium butadiene rubber, 264
of sodium-carbon dioxide isoprene rubber, 259
of sodium-dimethylbutadiene rubber, 266
of sodium isoprene rubber, 265

Ozonization of butadiene terpene, 259
Ozonization of oxidized rubber, 20S

Packing rubber for transportation, 111-12
Palao amarillo, 31
Palaquium species, 39
Para rubber, 25
chemical composition of, 156, 157, 158
darkening of, in air, 163
milling of, 210
resin content of, 330
smoking process for making, liiS-9

solutions of, 486
various grades of, 100
vulcanization of, 304

Parabarium diudo, 39
Paraffin, as filler for rubber, 499
Paraffin hydrocarbons, determination of, in vul-

canized rubber, 365, 367
Parameria species, 39
Paratoluidine, solubility of, in rubber, 510
Parent molecule of rubber, 215, 231, 239, 240, 242
Paring method of tapping, see also Tapping,

anti-coagulants used in, 82
collection vessels used in, 82
depth of cuts in, 79
direction of cuts^ in, SO, 78-79
economic conditions, influence of, on, 78, 80
eighteen-year scheme for, SI -82
frequency of, 80-81
half-herringbone system of, 77
herringbone system of, 77
instruments used in, 82
regeneration of bark after, 79
slanting-cut system of, 77, 79, SI -82
spiral system of, 76
V-cut system of, 77, 78, SO

Parthenium argentatum,
in the wild state, 30
laticiferous elements in, 48
on plantations, 47

Particle size of rubber, 231, 232, 234
Payena species, 139
Peachey process of viflcr.rizntior. 299, 334
Peat, synthetic rubber
Pendulum hammer test

advantages of, 571
development of, 410, 572-73
dimensions of sample, effect of, on, 574-75,

576-77
operation of, 571-72
specifications for, 577
surface of sample, effect of, on, 573-74
temperature, effect of, on, 575-76

Pendulum hammer for testing hard rubber, 630
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renetratjon tests, 556-60
Durometer “P.B.” for, 559-60
Martens’ apparatus for, 556-57
penetrometers for, 560
Schopper’s hardness tester for, 558-59

Penetrometers, 560
Pentamethylenediamine as vulcanization accelera-

tor, 308
Penta-dienyl group, as structural unit of rubber,

235, 236, 242
Pentane fraction of petroleum, preparation of ihu-

prene from, 247, 251
Pentene, preparation of 1-methylbutadiene from,

251
Pentenol, preparation of 1-niethylbutadiene from,

251
, .

Peptone, effect of, on vulcanization, 305
Peptones in latex, 98-100
Perbenzoic acid, reaction of, on rubber, 209, 238
Perhydrolycopin, properties of, 228
Periploca canariensis, 34
Permanganates, reaction of,

on alkylhydrorubber, 230
on hydrorubber, 227
on rubber, 207, 208

Permanent set of rubber, 402, 404, 406, 408, 410,

411, 414, 427, 428, 429, 434, 440, 561, 578
Permeability of balloon fabrics, 623-27
Permeability of rubber to gases,

testing of, 623-27
values for, 512, 513

Permeameters, 623-27
Peroxides, reaction of, on rubber, 209
Peroxides of rubber, formation of, 207, 210
Peroxydase, presence of, in latex, 163
Persulfates, reaction of, on rubber, 209
Petroleum, preparation of isoprene from, 247, 251

Phases in rubber globules, 175, 176
Phases in rubber solution, 174
Phenol derivatives of rubber, 196
Phenol, for preparation of butadiene, 250
Phenolic resins, detection of,_ in rubber, 374
Phenols, effect of, on vulcanization, 314
Phenylacetic acid, as vulcanization accelerator,

308
Phenylenediamine-meta, action of, as accelerator

of vulcanization, 317
Plienylenediamine-para, theory of accelerator ac-

tion of, 322
Phenylhydrazine, action of, as accelerator of

vulcanization, 317
_

Phenylhydrazine, reaction of, on nitrone of rub-
ber, 205

Phenylhydrazone of rubber, 205
Phenylmethyldihydropyridazine, formation of, as

test for levulinic aldehyde, 212
Phosphonium salts, from rubber hydrobromide,

230
Phosphorus, for hydrogenation of rubber, 229
Phosphorus, in latex, 163
Phosphorus pentachloride, reaction of, on iso-

prene, 240
Photochemical effects on rubber, 467
Photoelasticity in rubber, 466
Photomicrography, 671-73
Physical properties,

of latex, 59-61
of rubber, 460-72
of rubber at high temperatures, 408
of rubber at low temperatures, 408

Physical testing of rubber, see various tests under
Tension, Abrasion, Compression, Tear, Elas-
ticity, Plasticity, Crushing and Protracted
tests.

Physics of rubber, 393-514
Physiology of latex flow, 69-70
Phytol, relation of, to terpenes, 223
Phytol, terminal group fn, 237
Phytosterin, effect of, on vulcanization, 308
Piezo-electric properties of rubber, 471-72
Pigments, see also Microscopy; Dispersion of Pig-

ments; Fillers;
colloidal fraction in, 658-59, 660, 663
color reactions of, 653
dark field colors of, in rubber, 674

Pigments (continued)

,

determination of individual, 376-89
determination of total, 374-76
dispersion of, in rubber, 497, 504

646, 647, 648, 660-64, 671
' ’

fluorescence of, 643-44, 658, 660
microscopy of inactive, 655-58, 659
microscopy of reinforcing, 658-64
particle size of, 498, 500, 504, 505, 657
subdivision of, effect of, 637-38
sulfur in mineral, 378-79
transmitted colors of, in rubber, 660-64

j-

from, 244, 251
Piperidine,
preparation of 1-methylbutadlene fnjm 2 t 1

as vulcanization accelerator, 316
’

Piperyleiie ( 1-methylbiitacliene)
preparation of, 251
polymerization of, 243, 262
rubber, rate of decomposition of ozonide of

Plantation industry, American, extent of 17

"

Plantation industry, British,
’

beginning of, 12
*

effect of restriction on, 15-17
Plantation industry, Dutch, development of 12

16, 17 ’

Plantation industry, foundation of, 12
Plantation rubber, see also Crepe ’ rubl)er; Sheet

rubber

;

Castilloa, 45-4 6
Cryptostegia, 47
Ficus, 45
growth of production of, 12, 13

guayule, 47
Hevea, 40-44
Kickxia, 46
Manihot, 44
Scorzonera, 47
from vines, 46-47

Plantations,
^ _

Hevea brasiliensis, Manihot
Clasiovii, Ficus elastica, Castilloa species,
Kicksia elastica, Parthenium arnerJatvyu.

Plants, rubber content of, 21, 3-:-- =

Plants, rubber-bearing, in the Hnited States, 32
Plastic component of rubber, 417
Plastic constants, 411
Plasticity of rubber, 232, 578-583
Plasticization of rubber, 209, 210
Plasticization of vulcanized rubber, see Reclaim

mg.
Plastometers,

compression type, 579-83
extrusion type, 578-79

Plate glass pi*ess for microscopic work, 639, 646
Plateau effect, 501
Platinum black, as catalyst for hydrogenation

of rubber, 226, 227, 228, 234
Poisson’s Ratio, 396, 397, 398, 400, 403, 404, 516

Polishing machine for microscopic sections, 639
Polishing of microscopic sections, 644-45, 646
Polybromoprene, alpha, 248
Polybromoprene, mu, 248
Polybromoprene, omega, 248
Polychloroprene, alpha, 248
Polychloroprene, mu, 248
Polychloroprene, omega, 248
Polychloroprenes, x-ray study of, 458
Polycyclo-rubber,

heat of combustion of, 461
preparation and properties of, 189-92

Polyfoi-maldehyde, molecular weight of, 165, 234

Polymerization of butadienes, 242, 249, 252
Polymerization in carotinoids, 228
Polymerization of chloroprene, 248, 249

Polymerization of 2,3-dimethylbutadiene, 244, 245,

246, 259, 260, 262, 266
Polymerization of isoprene, 223, 235, 236, 240-43,

254 257 259 264
Polymerization in rubber, 193, 417, 418, 424, 427.

429, 431
Polymerization of rubber,
during hydrogenation, 228, 229
by sulfuric acid, 164
by tin tetrachloride, 165, 1S9
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yiithelic rubber, 427

iture ot ruDuci,

i-nivwiase theory of rubber structure, 417, 418

2mne sulfide, 273, 290, 291, 299
PnIvWenes, molecular weight of, 165, 192, 193,

235, 238

folysulfide theory of accelerator action, 321, 322,

327

Polysulfides, formation of, during vulcanization,

292
roivthioclilorides, formation of, in cold vulcan-

^izatioii. 281 -P2

Pontianak,
^

Potassium,
; '.nev,

Potassium iiennanganate, reaction of, on rubber,

207, 209

Potassium, for iiolymerlzation of butadiene, 263

Potassium polysnlfide, vulcanization with, 313

Potato rubber, 34

Potential energy of elongation, 399, 404, 406, 408,

412, 420, 421

Powdered minerals in rubber, microscopy of, 647,
^55-58

Power factor of rubber-sulfur compounds, 468,

469, 470
Preparation of crude rubber for manufacturing

processes, 10, 11

Preparation of rubber, effect of method of, on
vulcanization, 306

Preservatives used in latex, 84-86
Preserving agents for methyl rubber, 245
Pressure, high, rubber under, 402
Price of rubber, effect of, on synthetic rubber,

,

242

Price trend of crude ruViber, 11, 15-17
"Primary” vulcanization, 293
Principal solution of rubber, definition of term,

166

Principal valence chain, of rubber, 233
Production of rubber, world statistics of, II, 13,

IS, 17

Proof resilience of rubber mixes, 500, 501, 502,
503

Properties, physical, see Physical properties.
Properties of rubber, effect of method of tapping

on, 143-44
Protease, presence of, in latex, 163
Proteins, see also Nitrogenous content of various

rubbers,
adsorption of, on latex particles, 56
determination of, in crude rubber, 351-52
effect of, on vulcanization, 305, 306, 307, 321
formation of accelerators from, during ma-
turation, 307

:o:- polymerization of isoprene, 243
influence of, on behavior of latex, 99
molecular weight of, 230
presence of, in latex, 160, 162
as protective colloids, in latex, 99
removal of, from latex, 170, 171
role of, in coagulation of latex, 98-100

Protracted tests on rubber,
bending tests, 584, 585-86
under compression, 587-88
under constant load, 587, 588
under constant tension, 587
flexing machines for, 584-86
stretching tests, 583, 584, 585
tension machines for, 584, 587, 588

_ types of, 583
Pseudocolloids, 488
Pseudo-plastic constants, 411
Purification of rubber, 165
Purified rubber, hydrogenation of, 226, 227
Purub, 122, 129, 130, 135
Pyrole reaction, 212, 252, 253

Racked rubber, structure of, 169
Racking of raw rubber, 410, 420, 421, 426, 430,

432, 434, 440, 446, 448

Railroad brake hose, testing of, 6 >7- '3s
Rast’s method, 227, 232, 253

^
decomposition of rubber ozonicle. 214.

Rate of elongation, effect of,

on hysteresis, 410
on x-ray pattern, 449

Rate of swelling of rubber,
aging, effect of, on, 476
mathematical formulation of, 476-77
nature of swelling agent, effect of, on 476 47"
in vapor, 479

'

vulcanization coefficient, effect of on 478
Ratio,

_
Poisson's, 396, 397, 398

Reactions of the rubber hydrocarbon, chart of

Reclaimed rubber,
advantages of using, 345, 346
effect of alkali in, on vulcanization of 3P
as filler for rubber, 498

’

microscopic detection of, 655
“Praparate,” 343
reinforcement of, SOS
statistics of, 346
synthetic, 249

Reclaiming of rubber, 301, 342-46
acid process for, 343
alkali process for, 344
definition of, 12
growth of, 17
neutral process for, 344
plasticization methods for, 34.S

raw materials used in, 343
recovery of cellulose in, 344, 345
solution process for, 345

Recovery of elastic properties of rubber, 4Sx
Reflected light, microscopy using,
advantages of, 641-42, 645
applications of, 642, 644-46
limitations of, 645
mounting of sections for, 646
treatment of surfaces for, 645

Reflection coefficient, 467
Refractive index, sec Tncle.x of refraction.
Regeneration of rubber, see also Reclainuny,
from hydrochloride, 217
from hydrohalides, 230
from ozonide, 211, 221
from sodium rubber hydrochloride, 266

Reinforcement, effect of,

on hysteresis, 411
' ^ --formation, 412

isotropic state,

Relaxation of tension, 406, 440
Residual valences of rubber molecule, 230
Resiliency of rubber, 402, 410
Resilient energy of rubber mixes, effect of filler--

on, 500
Resin acids, determination of, in vulcanized rub-

ber, 366-67
Resin content of various samples of rubber.

141-42, 156-57, 350
Resins,

as degradation products of artificial rubbei
ozonides, 253

as degradation products of rubber ozonide 218
219, 236

determination: of, 372
effect of, on vulcanization with sulfur 304

305, 306, 310, 311, 313, 314, 315, 321
in latex, 100, 160
removal of, from rubber, 165, 166
rubber, acidity of, 314
rubber, antioxidant action of, 305

rubber, as fillers for rubber, 499
rubber, polymerization of, 267
similarity of sodium rubber to, 263

Resistance to abrasion, see Abrasion tests.

Resistance to flexing, see Flexing tests.

Resistance to tear, see Tear tests.

Restriction of crude rubber production, 15, 16
Retraction curve, 404, 405, 406, 408
Retraction of racked rubber, 420, 421, 434
Retentivity of plastic deformation, 583
Reversible deformations, 394, 435, 438, 439
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Reversibility of cold vulcanization, 429
Reversibility of elongation process, 413
Revertex, 87-89, 92, 172, 173, 175, 176, 182, 197
Revultex, 90
Rhombic crystalline system, 449, 452
Rhynchodia Wallichii, 39
Ring formation in hydrorubber, 227
Ring formulas for rubber, 215, 221, 222, 236, 237,

238
Ring-shaped sample,

comparison of, with dumb-bell strip, 533
criticism of, 539
cutting of, from tubing, 532
dimensions of “small” standard, 530
dimensions of standard, 530
general methods of making, 529, 540
for measuring elasticity, 561, 563
results using different dimensions of, 534, 53 5,

538
Schopper stamping press for, 530, 531

use of moving rollers with, 538, 539
use of stationary, in testing, 538, 539

Rings of laticiferous elements,
connection between adjacent, 50
distance between, 51
extent of, in trees, 49
method of formation of, 48-49
number of, in relation to age of tree, 51^
number of, in relation to yield of latex, 5 I

Rod-shaped molecules, 419, 420
Root rubber, 35, 65-66
Rosin,

effect of, on aging of rubber, 615
effect of, on vulcanization of chloroprene, 240
as filler for rubber, 499

Rosin oil, as filler for rubber, 499
“Rouge de Kassai,” 34
Rubber bromide, see Bromine, reaction of, on

rubber.
Rubber chloride, see Chlorine, reaction of, on

rubber.
Rubber content,

determination of, of crude rubber, 352-54
determination of, of rubber-bearing i)laiUs,

354-55
determination of, of vulcanized rubber, 389-92
of latex, 60, 110
of plants, 21

Rubber hydrobromide,
action of zinc dialkyls on, 229
phosphonium salts from, 230
preparation of, 199
stability of, 199

Rubber hydrochloride,
association of, 234
formation of raonocyclo-rubber from, 191
preparation of, 198, 217
reaction of, with trimethylamine, 230
reduction of, 190
removal of HCl from, 199
stability of, 198

Rubber hydro-iodide,
preparation of, 199
reaction of, with trimethylamine, 230

Rubber iodide, see Iodine, reaction of, on rubber.
Rubber isomers, 199, 217
Rubber pendulum, 413
Rubber refrigeration machine. -114

Rubber sulfide, see PolyT)ronc suhiile.

Rubber rctrabromide, sre lliom'iie, reaction of,

on rubber.
Rubber-filler interface, 412
Rubberized fabric, testing of, 620-27
Rubber, wild, see Wild rubber.
Russian synthetic rubber, 249
“Rusiiness” of rubber, 148, 307

Sampling rubber for analysis, 357-58
Sand blast for abrasion tests, 596
Sapium species, 28
Saturation of rubber by cyclization, 491
Schob*s tester for rubber coverings, 550-52
Schopper dynamometer, '404, 428, 438

Schopper-Dalen tensile testing machine
use of, for measuring elasticity, S63

' '

Schopper’s hardness tester, 558-59
Scorsonera species, 38, 47
Scott rubber testing machine, 546 54R
Scrap rubber, 109, 120

’

Scum rubber, 120
Secondary amines, as catalysts, 248
Selenium,

determination of, 379
heat of vulcanization with, 462
influence of, on abrasion resistance 340
vulcanization with, 399

’

Selenium oxychloride, reaction of, on rubhor onn
Sernamby rubber, 109

'

Serum in latex,
definition of, 52
extraction of, 160
function of, in colloidal system, 59
separation of, from coagulum, 105-06
specific gravity of, 97-98

Serum constituents of latex, effect of, ou vulcan
ization, 307

Serum constituents in various rubbers 157-58
Sheet rubber,

'

anti-coagulant used in making, 115
coagulation process used for, 113
drying of, 114
effect of resins on vulcanization of, 304, 30
effect of pi'oteins on vulcanization of, 306
resin content of, 350
sheeting of, 113-14
.emoV-g ok n3, 114, 115
wa-iii'ur o.’. il2, 114

coll'-'f’; !, as filler for rubber, 497, 504
Silicic acid in rubber, determination of, 389
Silk rubber, 34
Slab rubber, 119
Slime formation on latex, 101
Slip-type abrasion machines, 600
“Slope,” 521
Smoke house for making sheet rubber, 115
Smoked sheets, see also Sheet rubber,

coloring matter of, 163
ether extraction of, 178, 181

Smoking process for making rubber, 108-09, 126,

131, 132, 133
Smoking of rubber,

antiseptic effect of, 307
effect of, on vulcanization, 307

Soaps,
colloidal nature of, 230, 231
formation of, rlurifig vulcanization, 361

Sodium, as catalyst for polynierization of,

beta-myreene, 242
butadiene, 244, 249, 263
dimethylbutadiene, 266
isoi)rene, 242, 243, 258, 264

Sodium acetone, preparation of isoprene from,

250
Sodium alkyls, as catalysts for polymerization of

butadiene, 263
Sodium bisulfite,

in manufacture of crepe rubber, 116

preventing darkening of latex with, 102

Sodium butadiene rubber, 263, 264
Sodium-carbon dioxide-isoprene rubber, 258, 264,

266
Sodium carbonate as anti-coagulant, 82

Sodium-dimethylbutadiene rubber, 266
Sodium hydroxide,

as accelerator of vulcanization, 312

as preservative for latex, 86
Sodium-isoprene rubber, 216, 242, 243, 249, 2o3,

258, 264-65
discovery of, 242
ozone degradation of, 265
preparation of, 264
properties of, 264

aorelerator of vulcanization,

312
Sodium-piperylene rubber, 266
Sodium polysulfide, vulcanization with, 313

Sodium silicofluoride, coagulation of latex with,

123
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Sticlium sulfite as aiiti-coagulaiit, 82

Soft rubber goods from methyl rubber, 245

effect of, on rate of vulcanization of chloro-
' prene, 249

effect of, on synthetic rubber, 245

as fillers for rubber, 498, 499
fluorescence of, 643

Sol-rubber, 175, 176, 179, 180, 182, 183, 297

"analysis of, 180, 197
iodine number of, 197, 238, 239
hydrochloride of, 198
hydrogenation of, 229
molecular weight of, 234, 489
ozonolysis of, 236
swelling of, in benzene, 232
transformation of, 182
x-ray diagram of, 176

Sole crepe rubber, 119
Solid tires, microsco])y of, 645, 649, 668, 674, 675
Solids, elastic behavior of, 396
Solubility of rubber, 163, 164, 174, 232

effect of vulcanization on, 270, 296
Solutions, rubber,

analysis^ of, 356-57
application of, to fabric, 11

effect of carbon black on viscosity of, 504
ffect of light on, 467, 468
ifect of heat on, 189, 192-93, 488

electrical properties of, 482, 493, 494
gelation of, 467, 468, 486, 487
optical properties of, 494
osmotic properties of, 489-93
physical state of, 489
preparation of, 1

1

solvents used for, 472, 488, 489, 490, 491
use of, as protective colloid, 482
viscosity of, 481, 482, 483, 484, 485, 486, 487,
_48S, 491, 492, 493

viscosimeters for, 484, 486, 487 ^

Solvation of rubber, 233, 234, 489, 490, 491, 492,
493

Solvent action of rubber, 510, 511, 512
Solvents for rubber, polar, 491
South America, rubber plants in, 23-32
South America, rubber production in, 23
Space lattice, accidental formation of, 457
Spatial period of rubber molecule, 239
Specific gravity of latex, 60, 69-70
Specific heat of rubber, 436, 441, 442, 443, 461,

462
Spectro-absorption of rubber, 461
Spermaceti, effect of, on vulcanization, 314
Spots on crude rubber, 146-47
Sprayed rubber, 126-27
“Squeezing-chamber” for microscopic specimens,

641
Standard precipitation point, 167
Standard vulcanization, definition of, 306
Starch, detection of, in rubber, 359
Starch, effect of, on vulcanization, 305
State of cure, test for, 552
Status of artificial rubber, 246
Steam hose, testing of, 627-2^
Stearic acid,

effect of, on accelerating action of inorganic
compounds, 313

effect of, on vulcanization, 314
as filler for rubber, 499, 504, SOS

Sterols, as antioxidants for rubber, 165
Strengthening of rubber by racking, 431, 432
Stevenson Restriction Scheme, 15, 16
“Stiffness,” 521
Stoichiometrical equivalent, 230, 231, 238
Storage of rubber, effect of, on vulcanization, 309
Strain, see also Elongation,

definition of, 516
Straining latex at plantation factory, 109
Stress, definition of, 516
Stress-strain curve,

factors influencing, 517, 522
inflection point in, 395, 517
milling, effect of, on, 517
of normal rubber compounds, 517
previous treatment of sample, effect of, on, 519

Stress-strain curve (continued),
rate of elongation, effect of, on, 410-11, 520
shape of sample, effect of, on, 520, 533
“slope” of, 521
temperature, effect of, on, 407, 411
types of, 516-17, 520
vulcanization, effect of degree of, on, 518, 522
work absorbed, relation of, to, 517

Stress-strain curves for loading and unloading,
404, 405

Stress-strain intcroolatir-n formula, 403
Stress-strain lola-h'i 395, 399, 402, 403, 404,

405, 406, 407, 408, 410, 411
Stretching of rubber membranes, 399, 402
Stretching tests, see Tension tests.

Structural unit of rubber, 239, 240, 242, 243
Structural viscosity, 184, 194, 484
Structure of alpha-isorubber, 218
Structure of artificial isoprene rubber, 257
Structure of artificial rubber, 252, 253
Structure of dimethylbutadiene rubber, 261
Structure of rubber, 165, 169, 215, 216, 222, 230,

235, 236, 239, 241, 242, 243, 422, 473
Structure theory of Le Blanc and Kroger, 431
Styrene, pnlvT'eriznt’nr! of, 246, 267, 488
Succinic acid, 2 '7, 2 7)

as decomposition product of alpha-isorubber
ozonide, 219, 220

as decomposition product of normal butadiene
rubber ozonide, 260

as decomposition product of normal isoprene
rubber ozonide, 257

as ios'ron'ooshion product of rubber ozonide,
2 ::, 22 !

Succinic dialdehyde, as decomposition product of

butadiene rubber ozonide, 260
Sugar, effect of, on vulcanization, 314
Sugars, presence of, in latex, 160
Sulfocyclo-rubber, x-ray diagram of, >159

Sulfonic acids, reaction >'i, on rubber, 191
Sulfonyl chlorides, reaction of, on rubber, 192
Sulfur,

activation of, by accelerators, 320, 321
activation of, by metallic oxides, 321
“active,” in vulcanization, 295, 299, 300, 301, 303
blooming of, 290-91
changes in molecular form of, during vulcani-

zation, 292, 295; 299
combined, determination of, 379, 392
crystalline form of, in rubber, 510
crystallization of, from rubber, 290-91
first use of, with rubber, 4
free, determination of,

in acetone extract, 361-64
in alcoholic potash extract, 374
by Kelly’s method, 363
volumetrically, 363-64

free, in vulcanized rubber, 275, 277, 282, 284,

285, 289, 291, 301
maximum amount of, consumed in cold vul-

canization, 271, 272, 278-80, 303
maximum amount of, consumed in hot vulcani-

zation, 273, 287, 288, 296
migration of, in rubber, 29 1_
in mineral pigments, determination of, 378-79
minimum amount of, required for vulcaniza-

tion, 296
protective action of, against light, 612
reaction of, on chloroprene, 248-49
in rubber, microscopy of, 643, 655, 657,’ 665
solubility of, in rubber, 289-91, 510
solubility of, in rubber sulfide, 291
total, determination of, 376-77
in vulcanized rubber, oxidation of during ag-

ing, 608, 610
Sulfur chloride,
amount of,> required for vulcanization, 303
combination of, with rubber, 270-72, 278-82,

302-03
reaction of, with sea algae, 267

Sulfur dioxide, solubility of, in rubber, 513
Sulfuric acid,

coagulation of latex wdth, 122, 129, 131, 137
reaction of, on isoprene, 240
reaction of, on rubber-j 164, 169, 191
reaction of, on vulcanized rubber, 60S
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Swelling ability, factors affecting, 480-82
_

Swelling maximum, sea Maximum Swelling.

Swelling of microscopic specimens, 646, 649
Swelling pressure,
dependence of, on concentration of gel, 4 75

dependence o6 on swelling agent, 475
experimental determinations of^ 475
mathematical formulation of, 474-76
method for measuring, 474

Swelling of rubber, 232, 432, 437, 446, 472, 473,

476, see also Rate of Swelling.
Syneresis, occurrence of, during vulcanization in

solution, 281
Synthetic rubber,

anisotropy of, 427
application of, 17-19
cell structure of, 458
comparison of, with natural rubber, 246
differentiation of various hinds of, 170
discovery of, 243
Duprene, 247
emulsion of, 493, 494
in Germany, 17-19
Gough-Joule effect in, 426
H-rubber, 18, 248
manufacture of, 17, 19
normal, definition of, 252
optical properties of, 467
price of, 247
reagents used in the preparation of, 267, 268
in Russia, 249
spe:cific heat of, 461
vulcanization of, 316
in the World War, 17, 18, 243
x-ray study of, 458
W-rubber, 18, 245

Synthetic rubber, preparation of
from broin()prenc, 248, 249
from butadiene, 244, 259, 263
from chloroprene, 247, 248, 249
h’om dimethylbutacliene, 243, 244, 245, 260,

262, 266
from isoprene, 240, 242, 243, 254, 257, 258, 264
from piperylene, 262, 266
from various materials, 266-69

“T-50” test for state of vulcanization, 301, 430,
552-53

Tackiness of crude rubber,
acids, effect of, on, 153-54
alkalies, effect of, on, 86, 153
bacteria, effect of, on, 152
copper, effect of, on, 86, 154
enzymes, effect of, on, 155
iron salts, effect of, on, 154
light, effect of, on, 149-51
manganese, effect of, on, 155
mechanical working, effect of, on, 152
method of coagulation, effect of, on, 152
natural, 148
oxidation as cause of, 148, 149, 150, 151, 154,

155
prevention of, 155-56
temperature, effect of, on, 151

Talc, as_ filler for rubber, 497
Talc, microscopic detection of, 656
Tanks for coagulating latex, 110
Tape, see also Insulating tape,

tensile test on rubber, 541
Tapping, see also Paring method of tapping,

of CasiiUoa trees, 71, 73
considerations in selection of method of, 68-69,

76, 77-78
of Ficus elastica trees, 72, 75
of Hevea trees, 71, 73, 75-83
by incisions in the bark, 71-73
of Kickxia trees, 73
of Manihot trees, 71-72, 73, 75-83
by means of channels, 73
by means of channels and incisions, 73-75
by parallel cuts on surface, 70
by paring and pricking method, 83

Tapping (continued)

,

by paring method, 75-83
response, 70, 75
of rubber-bearing vines, 72-73

Tar products, see Asphaltic substances
Tau-sagyz plant, 38, 47, 66
Tear resistance of rubber, 508
Tear test of artificial rubber, 243, 245
Tear tests on rubber,
comparison of, 603-04
correlation of, with other tests, 601
crescent, 603
factor.s affecting, 600-01
hand, 601
lleiden.sohn method for, 602-03
Lefcaditis and Cotton method for, 604
peanut, 603
Winklemann method for, 603
Wright method for, 603
Zimmerman method for, 601-02

“Teasers,” see Needles.
Temperature coefficient,

of internal friction, 440
of vulcanization reaction, 276, 284, 296

Temperature, effect of,

on aging of rubber, 605
on density, 443
on elastic behavior, 419, 42U
on hardness, 443, 469
on hysteresis, 408, 410, 411, 421
on light absorption, 443
r)n stress-.strain curve, 407, 411
on tensile testing, 519
on vulcanization, 296, 297, 299, 301

Temperature of relaxation of racked rubber 4^(1

421
’ “ ’

Temperature rise test of rubber, 594
Tensile te.sting machines,

Albertoni’s, 548, 549
Breuil-Cillard, 548-50
Bureau of Standards, 544-4 6

Delaloe’s, 550
Schopper-Dalen, 542-44
Scott, 546
Weber's, 550

Tensile Tests, see Tension tests.

Tension machines for protracted test.s, 584, 587,
588

Tension stressing of rubber, 561, 563, 564, 565,
566

Tension tests on rubber samples,
averaging, 521
for determining elasticity, 563-64
dumb-bell sample for, 523-29
grips suitable for, 527
at high temperatures, 519, 552
humidity, effect of, on, 519
at low temperatures, 552
for measuring liy.steresis, 565-66
ring-shaped sample for, 529-41
rod-shaped samples for, 523-29
shape of strips for, requirements of, 523
storage, effect of, on, 518
temperature, effect of, on, 519

Terminal groups in rubber molecule, 236, 237,

238, 239
Terpenes,

aliphatic, nitrosites of, 241
aliphatic, ozonization of, 223
formation of, from normal isoprene rubber, 258

formation of, in the polymerization of buta-

diene, 259
. .

formation of, in the polymerization of dimethyl-

butadiene, 260
polymerization of, 240

_

removal of, from normal isoprene rubber, 2 d 4

terminal groups in molecule.s of, 237

Testing finished products, 619-36
Tetrabromide of artificial rubber, 253
Tetrabromide of normal butadiene rubber, 259

Tetrabromide of normal dimethylbutadiene rub-

ber, 260 , ,
---

Tetrabromide of normal isoprene rubbe^ 255 ,

Tetrabromide of normal pip^^ylene rubber, 26-

Tetrabromide of natural rubber, 195, 352-53, 391
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T’pti-abromide method for determining, rubljer

content, 195, 352-53, 391

Tptraketones, as degradation products of alpha-

isorubber, 218, 220, 222
. .

Tetrametliylenediamine, as vulcanization accel-

erator, 308
,

Tetranitromethane, reaction of, on rubber, 206,

207, 239, 240
Thawing of rubber, 170

,

Theories of accelerator action, see Accelerators.

Theories of rubber structure, 416-60
_

Theories of vulcanization, see Vulcanization.

Theory of mechanical disintegration, 408, 410

Thermal conductivity, see Heat conductivity.

Thermal and elastic properties of rubber, 412-60

Thermal expansion of rubber, 416, 469

Thermal relaxation of stretched rubber, 423, 429,

433, 434, 436, 444
Thermax in rubber, microscopy of, 648, 6.S8,

661-62, 667, 674
Thermo-chemistry of vulcanization, 461

Thermodynamics,
of elongation process, 439-4(1

of vulcanization, 462
Thermolysis, 478

.

Thermoplastic rubber, preparation of, 191, 192

Thermoprene, 192
Thina-rubber, 30
Thiocarbanilide, see Diphenyithiourea.

Thiocyanic acid, formation of, during vukauiiza-

tion with accelerators, 321

Thioglycollic acid, reaction of, on rubber, 200
Thio-ozone, formation of, ifuring vulcanization,

274, 291, 292, 322
Thiozoles,

effect of .structural differtnces of, on acceler-

ator activity of, 329
theory of accelerator actin of, 327

Thiuramdisulfides, acceleraor action of, 318

Time, effect of, on vulcaniation, 296, 297, 299,

301
Time lag in production ofibrous structure, 449
Tin ill rubber, determinatin of, 388
Tin tetrachloride, reactionof, on rubber, 190, 192

Titanium chloride, reactio' of, on rubber, 192
Titanium dioxide, as fillerfor rubber, 497, 498
Tolylguanidines, ortho, neta and para, relative

activity of, as 323
Topocheniical reactw ‘i,-, -b'"'’, 459
Total rubber, 171, 176, 12, 194, 203
ether extraction of, 17, 179
iodine number of, 197, !38

preparation of, 172
vulcanization of, 172

Transition terr.pe-p+u-c i rubber, 469
Transmitted ligi't, i'mc- (- con^ using,

applications of, 647, 64-64
swelling of rubber foi 646-47
thin sections for, 648 649-53
vulcanizates suitable or, 648, 649-50

Transverse contraction,coefficient of, 396
Tread stocks, microscoiy of, 645, 649, 661-62, 666
Trialkylphosphine, reaiion of, on rubber hydro-

bromide, 230
Triboelectricity, 472
Tribromolevulinic aldhyde, as decomposition

product of rubberozonide with bromine, 21

S

Triketones, as degraiation products of alpha-

isorubber, 218, 2®, 220, 222
Trimetbylamine, prejaration of pure isoprene

from, 251 , , ,
.

Trimetbylamine, reaction of, on rubber hydro-
halides, 230

Trithio-ozone, see Tlio-ozone.
^

Trypsin, for removalof proteins in latex, 171

Two piiase^nature o' rubber, ^17, 418, 445, 455

Tyndall phenomena in rubber, 164, 669, 670

TJ

Ultra accelerators, action of, 324, 325, 326

Ultramarine, as filler for rubber, 498
Ultra-violet absorption spectrum of rubber, 237

Ultra-violet light,
absorption of, by rubber solutions, 466-67
effect of, on aging of vulcanized rubber, 611-12
effect of, on rubber, 150-51, 608, 611, 612
effect of, on rubber solutions, 467, 46S
irradiation of rubber and gutta-percha with,

468
use of, in study of fluorescence, 642-44, 658,

660, 668, 669
use of, in microscopy, 90, 641, 658, 660, 668,

669
llnit cell of stretched rubber, 449, 453, 434
Unit molecule of rubber, 215, 231, 232, 239, 246,

252
Unsaturation value,

for rubber hydrocarbon, 238
for .sol-rubber, 238, 239
for total rubber, 238

Uiivulcanized rubber coinpoutuls, analysis of, .U/
Unvulcanized rubber, uses of, 9, 270
Up river hard cure rubber, 109
Urceola elastica, discovery of, 2
Urceola species, 38
Use of rubber as eraser, ,3

Uses, earliest, of rubber, 1

Uses of raw rubber, 9

Uses of vulcanized rubber, 0, KJ

Vacuole formation around i)i«inenls, 4 1 5- In

Valence chains, principal, 449, 453, 454, 456, 4.U,
490

Valence forces, secondary, 433
Valeric acid, in distillation ijroduct of inaiurcd

rubber, 309
vail der Waal equation, calculalion of molecular

weight from, 234
van der Waal forces, 420, 426, 427, 4.30, 43.3, 438,

444, 446, ,455, 458, 489, 503
Vaseline, as filler for rubber, 499
Velocity of deformation, 440
Vessel system of laticiferous elements, 48-5 1

Vicat needle test. 632
Vines, rubber-producing, 3.3, 34, 36, 38, 39, 4f>

Vinyl acetylene, ])reparation of, 247
Vinyl bromide, polymerization of, 246
Viscosimeters, 485
Bingham, 486
Falling ball, 487
Firestone automatic, 4 87
Ostwald, 484, 486
Wire screen, 487

Viscosity,
of hydrorubber solutions, 234
of latex, 61
of rubber chloride solutions, 198
of rubber hydrochloride solutions, 234
of rubber solutions, 192, 193, 194, 234, 2.53, 253
of rubber solutions during vulcanization, 280

Volume increase, coefficient of, 396
Vulcanizates of artificial rubber, properties of.

246
Vulcanization accelerators, see Acceleralor.s.
Vulcanization,

adsorption theories of, 275-76, 280
“after-,” 282, 283, 291, 293
of artificial rubber, 241, 243, 246, 254
chemical theories of, 277, 278-79, 281, 287,

296, 298, 301-02
“cold,” 341, 427, 428, 429, 431
definition of, 270, 296
discovery of, 4, 5
earliest theories of, 270-74
early use of, by Indians, 5
effect of, on fluorescence of rubber, 643, 644
effect of, on oxidation, (aging) of rubber, 609
effect of, on peimanent set, 411
effect of, on racking, 430
effect of age of rubber trees on, 306
effect of degree of, on stress-strain curve, 518,

522
inhibitors of, 248
irreversibility of, 429 4

of latex, 89, 91



770 SUBJECT INDEX

Vulcanization (continued)

,

of methyl rubber, 246
microscopic studies of, 289-91, 295, 641, 646
physical, with carbon black, 341
present theory of, 295-302
of polychloroprene, 248
primary, 293
in solution, 274, 278, 280, 281, 287-89, 299
“standard,’* 306
with benzoyl peroxide, explanation of, 337
with meta-dinitrobenzene, 338
with halogens and halogen compounds, 341
with nitro compounds, 335
with nitrobenzene, 337
with oxygen, ozone and ozonides, 336
with peroxides, 336
with polynitro compounds and benzoyl perox-

ide, effect of, on unsaturation of rubber, 338
with selenium, 339
with selenium monochloride, 340
with sulfur dioxide and chlorine, 335
with sulfur dioxide and hydrogen sulfide, 334,

335
with sulfur thiocyanate, 340
with trinitrobenzene, 337

Vulcanization coefficient,

definition of, 272
of protein-containing and protein-free rubber,

305
relation of, to solubility of sulfur in rubber, 510
relation of, to water absorption by rubber, 512
of resin-containing and resin-free rubber, 304,

306
Vulcanization reaction, critical temperature of,

283-84
Vulcanization reactions, 294, 300, 302-03

temperature coefficient of, 276, 284, 296
Vulcanization tests, “T-50,” 301, 430, 552-53
Vulcanization time, effect of, on properties of,

rubber, 609
Vulcanized latex, 89-91
Vulcanized rubber,

derivatives of, 276, 277, 285, 289, 293, 296
elasticity of, 9
electrical insulating properties of, 9

impermeability of, to gases and liquids, 9

oxidation of, by air, 292
properties of, 9, 270, 296, 297
uses of, 9, 10

Vulcanized scrap, microscopic detection of, 649.
655

Vultex, 89-91

W
W-rubber,

properties of, IS, 245
use of, in Germany, 18

Washing loss, as procedure in analysis, 348
“Washings,” 120
Water,

absorption of, by rubber, 470, 480, 511, 512
effect of, on molecular weight of rubber, 233

Water content,
determination of, in crude rubber, 348, 349
determination of, in vulcanized rubber, 358
variation of, in crude rubber, 156

Water-soluble constituents,
in crude rubber, 157-58
determination of, in crude rubber, 349
determination of, in vulcanized rubber, 359

Wear tests, see Abrasion tests.

Whiting, as filler for rubber, 497, 498
Whiting, microscopic detection of, 656, 666
Wiegand’s Pendulum, 413, 414, 426
Wijs iodine chloride method, 197
Wild rubber,

in Africa, 32-37
in Asia, 38-39
in Central America, 30-31
impurities in, 347
in Mexico, 30-31
in Polynesia, 38-39
in South America, 23-30
in United States of America, 31-32
preparation of, 108-9

Williams PlasUmeter, 579, 580
Willughbya firnti 38, 46
“Wintering” olrubber-bearing trees, 23Wire, rubber-cifered, testing of, 62Swork of adhes%, 506
Work capacity crude rubber, 508Work capacity of mixes, effect of fillers .

502, 506, 50i, 508, 509
Work of compression, 404
Work of deformation, 410
Work of elongation, 399, 404, 405, 406 408 411

412, 435, 437,438, 439, 440
’ ’

Work of friction, 506, 508
Work, mechanical, storage of, 399, 404, 406, 412

420, 421 * ’

Work of retracticj, 412
, 440, 500

Work of rupture, 500, 501
Work of separatica 506
World War, effectof,

on American rniiber industry, 8
on German rubhr industry,'

8

X-ray absorption CEjacity, 467
X-ray diagrams,

actual, 450-52
of balata, 448
dependence of, oiisDurce of rubber, 456
of frozen rubber, 47
of gutta-percha, 44
of polychloroprene,, 248
of racked rubber, 47-48
of raw rubber, 168,169, 170, 467
of rubber films, stniched, 450-52
schematic, 450-52
of smoked sheets, 47-48

X-ray experiments at'nw temperature, 459
X-ray interference intnsity,
dependence of, on iegree of elongation, 446,
,448, 453

distribution of, 456, 158
X-ray interference pattrns, 421, 440-41, 443-46,

455, 457, 458, 459 460, 466, see also X-ray
diagrams.

X-ray irradiation of i-uber, 468
X-ray study of rubber sructure, 421, 444
Xanthates, action of, asiccelerators of vulcaniza-

tion, 318, 319
Xylinharia Reynaudi, 35

Yield of rubber,
per day, 25
per tree, 25

Young’s Modulus, 404

Zinc alkyls, as catalysts fer the polymerization of

butadiene, 263
Zinc alkyl xanthates, actnn of, as accelerators

of vulcanization, 318, ‘.26

Zinc dialkyl compounds, paction of, on rubber
hydrobromide, 229

Zinc polysulfide, as accelentor of vulcanization,

312
Zinc in rubber, determinatioi of, 388
Zinc oxide,

action of, as accelerator »f vulcanization, 310,

312, 313 ^
action of, on ultra accelentors, 324, 325, 326

effect of, on accelerating action of aldehyde-

amines, 322
effect of, on accelerating attion of hexamethyl-

enetetramine, 323
, r 1 1

effect of, on rate of vulcanization of chloro-

prene, 248, 249
as filler for rubber, 497, 498, 503, SOS

fluoresence of, 643, 660 -

microscopy of, in rubber, 647, 648, 654, ooy,

660-61, 663, 665-68, 672, 674, 675

surface energy of, 507
surface tension of, 509
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